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Chapter 1 Introduction 
Chapter 1 Introduction 
1.1  Brief history and background of organic electronic devices 
Challenging studies on organic electronic devices [organic transistors (OTFT), organic 
photovoltaic cells (OPV), and organic light emitting diodes (OLED)] during last two decades 
have already demonstrated their potential of “energy conservation” functions necessary for 
overcoming the global warming problem, and implemented production of some devices at 
industrial level.  For instance, OLEDs have already been commercialized in the market as the 
next generation source in solid state lighting and flat panel display due to their low cost, high 
stability and low energy consumption etc.  Actually they are produced by many companies [e.g. 
Samsung Co., LG Co., and Japan Display Co. etc. (for flat panel display) and UDC Co. and 
Mitsubishi Chemicals Co. etc. (for solid state lighting)].  OPV possesses also advantages of 
flexibility, high efficiency and low cost, and could point out the way to the future technology 
of clean energy production. They have been important target of research in recent years and 
under active investigation both in fundamental science and technological application in 
particular for actual use.  Furthermore OTFTs with higher mobility, stability and flexibility 
have been also studied by many researchers in order to understand charge-transport properties 
of organic semiconductor materials and, for example, to realize OTFT drivers for full organic 
displays. In this way, importance of organic electronic devices as well as properties of organic 
semiconductor materials is commonly and widely understood. 
The study of organic semiconductors was started in 1940s-1950s by a few researchers [1].  
Research of organic semiconductors both in universities and industries was strongly accelerated 
after the work in 1987 by Tang and VanSlyke [2], which showed a promising possibility of 
OLED by demonstrating a striking electroluminescence ability of tris(8-
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hydroxyquinolinato)aluminium (AlQ3) thin film [external quantum efficiency (1% 
photon/electron), luminous efficiency (1.5 lm/W) and brightness (>1000cd/m2) at 10V].  The 
global warming problem in 1990s farther accelerated the research in various ways. In chemistry 
field, many new molecules with much better properties were synthesized, which have again 
largely increased advantages of organic-semiconductor compounds. Such a synergy effect of 
chemical/synthetic and physical properties gives these materials more possibilities, for example, 
to replace Si-based electronics by organic-semiconductor-based ones to some extent in the 
future. An important point is, therefore, that organic molecule has great possibility to reveal a 
system with better optical, electronic, structure and chemical properties, which can be well 
realized at a wide range by synthetic freedom.   
Even though wide range of research of organic electronics has already been carried out, 
our understanding of working mechanisms of organic electronic devices, in particular the 
electronic properties of organic molecular solids, which depend not only on each molecule but 
also packing structure, molecular orientation etc., is still very limited.  There are many 
elementary processes that are related to electronic and optical properties, we studied mainly 
charge transport properties at organic-inorganic and organic-organic interfaces and organic thin 
films in organic electronic devices based on studies of electronic energy levels, trapping centers, 
their density of states, molecular packing structure of organic films and device properties.     
1.2  Background of device operation mechanism 
Mechanisms of charge transport and formation/dissociation excitons in devices are the 
most important issue. A common energy diagram for OLED is depicted in Figure 1 (a). Upon 
bias operation, (i) holes are initially injected from anode to the hole transport layer (HTL) 
2 
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through hole injection barriers to highest occupied molecular orbital (HOMO) of organic films; 
at the same time, electrons are also injected from cathode (written as metal) to electron transport 
layer (ETL); (ii) injected holes and electron transport via hopping in organic thin films to reach 
the light emitting interface (the charge transport property depends on the quality of the films, 
such as packing structure, defects, and charge mobility of the molecular crystal at its ideal 
structure); (iii) usually arrived holes inject into the HOMO of ETL and combine with electrons 
from lowest unoccupied molecular orbital (LUMO) to form molecular excitons at excited states; 
(iv) these excitons are unstable and should release the energy to reach ground states, which 
finally lead to light emission. Among all these charge transport processes, the interface between 
molecules plays very important role in determining the final device performance.  
On the other hand, organic photovoltaics focus on the charge separation efficiency at 
donor-acceptor (D-A) interface. A typical example of organic solar cell energy diagram is 
illustrated in Figure 1 (b). Under light illumination, (i) molecular excitons are generated in the 
absorption layers  due to smaller energy gap; lifetime of excitons is quite small (~10-12ps); (ii) 
the generated excitons drift to D-A interface; (iii) at the interface, these excitons are separated 
into electrons and holes due to the built-in potential at the D-A interface; (iv) electrons and 
holes transport in the organic films via LUMO of acceptor and HOMO of donor, respectively; 
(v) and finally charges are collected at the cathode/anode. The power conversion efficiency is 
directly related to the molecular absorption ability, charge separation ability at the D-A interface 
and charge mobility of the organic layers. 
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Figure 1  Work mechanism of organic devices illustrated in energy diagram with (a) organic light 
emitting diodes (OLEDs) and (b) organic photovoltaic cells (OPVs) 
To realize the further ultimate device performance, understanding (i) the mechanisms of 
the electron and hole transport in/between these organic thin films during the operation and (ii) 
what affect the charge injection efficiency and transport efficiency is necessary.  Consequently, 
for the best device performance, it is necessary to study the electronic structure of these organic 
films and their interfaces to facilitate charge injection into organic films and their transport.  To 
achieve this goal, several strategies are utilized towards (i) tuning the electronic levels of 
different organic-metal or organic-organic interfaces (energy level alignment issue) by 
changing molecular orientation [3], packaging structure [4] or inserting other thin organic films 
[5]; (ii) improving the conductivities of organic films by increasing the carrier concentration [6] 
(doping with guest materials) and the mobility [7] (molecular structure and film structure).  
In order to reduce the injection barriers and control the energy level alignment at interface, 
one of common methods is inserting thin layer of high work function materials for favorable 
4 
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hole injection (low work function materials for electron injection), as illustrated in Figure 2. 
Once a thin inserted layer is deposited on the substrate (ITO, Ag etc.), the adsorbed molecules 
with a strong charge-transfer-type reaction could be formed. Due to this strong interaction, the 
work function (WF) of the electrode can be modified till reaching the maximum value, as shown 
in Figure 2 (b) and (c). This highest work function is favorable for holes to inject and the lowest 
work function is favorable for electrons to inject. With increasing the thickness of inserted 
layers, the work function remains constant. When the modified high work function substrate 
contacts with organic layers in Figure 2 (b), a lower hole injection barrier is achieved thus due 
to the formation of interface dipole, which is quite benefit for hole injection. Then the energy 
levels of continuously deposited other layers are also aligned to this modified substrate. In a 
simple situation, this permits continuous tuning of the hole injection barrier and more favorable 
Figure 2 Organic –substrate interface before and after ultrathin layer modification: (a) contact 
without modification, (b) modified by high work function materials, and (c) modified by low work 
function materials. The hole injection barriers (Φh) and electron injection barriers (Φe) are also 
indicated in the figure. 
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hole transport between these layers. Similar situation could also be found for electrons to inject 
through the interface, which is shown in Figure 2 (c). This strategy, which using modified 
substrate to reduce the charge injection barriers, has already been proven to be quite successful 
both from organic devices performance and fundamental interface theory [8]. 
According to the equation of the electrical conductivity (σ), σ=e×n×μ, where e is 
elementary charge; n is charge concentration; μ is charge mobility. One way to reach higher 
conductivity of organic films is to increase μ. In the high temperature region, μ can be 
approximately described via electron transfer rates within the Einstein relation for diffusive 
motion: 
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where a is the intermolecular distance, kET (t, λ) is the electron transfer/hopping probability per 
unit time which related to intermolecular transfer integral (t) and reorganization energy (λ). 
Intermolecular transfer integral t describes the strength of the electronic interaction between 
adjacent molecules, which tells us that improving the molecular packing structure could directly 
increase t, hence lead to the increase  of  μ. Since organic single crystal is the final goal to 
achieve this highest mobility (could be higher than polycrystalline silicon), the production of 
large thin single crystals is still challenging. So thin film organic transistors is still one of the 
most interest topics to approach this target (by using different methods to tune films structures). 
On the other hand, to increase the conductivity of organic films, a well-known method is 
to dope guest molecules into host films to achieve the improvement of carrier concentration (n) 
in organic films by tuning the Fermi level in the energy gap. The mechanism of doping in 
organic semiconductors was directly picked up from that in inorganic semiconductors, which 
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based on effective ionization of dopants at room temperature due to ionization energy of the 
dopant is quite small (~3kBT) [9]. For intrinsic organic thin films, carrier concentration is quite 
small. After molecular doping, an assumption of the effective ionization of dopants, which 
increase in carrier concentration by shifting the Fermi level to HOMO (or LUMO) and finally 
form “p” type (or “n” type) films. This model is widely accepted and applied to organic devices 
in device field. However, since there are large difference between organic and inorganic 
materials, the limitation of this mechanism has been revealed by photoelectron spectroscopy 
results that the host molecules with single occupied HOMO (LUMO) states have never been 
found after doping [10]. This mechanism also cannot explain why the intrinsic organic 
semiconductors show so-called n type or p type features without doping. In order to clarify the 
electronic structure of doped organic semiconductors, a more detailed experiments and 
explanations are necessary. Their careful analysis and explanation to clarify the doping 
mechanism is the main objective of the present work, which was performed by varying the 
doping ratio of organic dopant from ultralow to high ratio. As a first step investigation of doped 
organic films, the relations between the electronic structures of undoped films and their film 
structures were studied by using UPS and grazing incidence X-ray diffraction (GIXD). Then 
doping in amorphous organic films was studied carefully by using various methods, e.g. UPS 
measurement, charge mobility measurement and GIXD measurement, to access the electronic 
structures, film structures and charge transport properties in these films. Some of the 
experiments were accompanied by using extensive theoretical modeling based on density 
functional theory (DFT) to achieve additional insights. 
7 
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1.3  Outline of this thesis 
The chapters of thesis describes following contents:  
Chapter 2 Fundamentals of intrinsic and doped organic semiconductors 
The fundamental aspects of the electronic energy levels of organic solid will be 
summarized. Evolution of the energy levels from single molecule to solid films, impact of 
doping to the energy levels, interface dipole effects and other related things contributing energy-
level shifts will be described in relation to the present work. 
Chapter 3 Experimental methods   
We describe about the principle of the experimental method and the samples which we 
used in this study. 
Chapter 4 Interface optimization using DIP for C60 thin film  
We succeeded to prepare well-ordered C60 layer by using ultrathin diindenoperylene (DIP) 
as a template layer which is confirmed by measuring GIXD. In Chapter 4, we analyzed the 
density of gap states related to C60 structures by UPS, and we also estimated the influence of 
molecular packaging structure to electron mobility in organic thin film transistors. 
 
Chapter 5 Gap states affected energy level alignment at an α-NPD /HAT(CN)6  interface 
We studied gap states affected energy level alignment in α-NPD /HAT(CN)6 charge 
generation interface by using ultraviolet and x-ray photoemission spectroscopy measurements. 
The Fermi level pinning and band bending behavior were revealed that due to the gap states in 
HOMO edge on α-NPD. 
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Chapter 6 HAT(CN)6 doping in amorphous α-NPD films  
The detailed organic dopant into organic host amorphous α-NPD films with the dopant 
ratio from 10-3 molecular ratio percentage to 0.7 is investigated by UPS.  The filling of gap 
states in ultralow doping ratio is clearly demonstrated from observed rapid shift of HOMO. 
Energy hybridization at heavily doping is also illustrated indicates the hybridized orbital energy 
determines doping efficiency in organic-doped-organic films.  
 
Chapter 7 Molecular structure-dependent doping and charge transport efficiencies of 
organic semiconductors: Impact of side chain substitution 
 In this chapter, clearly energy hybridization in doped organic semiconductors depends on 
molecular structure is investigated by characterizing the typical hole transport material of NPB 
and its derivatives DMFL-NPB and DPFL-NPB. Using photoelectron spectroscopy data and 
density functional theory calculation, it is identified that the side chain substitution in NPB and 
its derivatives plays a crucial role in the intrinsic transport property and doping efficiency. The 
doping efficiency in F4-TCNQ doped systems is highly dependent on the degree of 
intermolecular orbital energy hybridization with respect to the side chain substitution. 
 
Chapter 8 Summary and future work  
We summarize about the electronic structure and devices performance of intrinsic and 
doped organic semiconductors from the obtained experimental results. And we describe about 
future work. 
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Chapter 2 Fundamentals of intrinsic and doped organic semiconductors 
2.1 Overview 
In this chapter, the fundamental parameters of intrinsic and doped organic semiconductors 
will be outlined. At the beginning, as an example of one organic electronic device, the transistor 
will be selected and the importance of the charge transport at the surface and in the bulk will be 
highlighted. The chapter will then start with a fundamental description of the formation of 
energy band by going from single molecule to solid films. Next, the transport properties of 
charges with a detailed explanation both from interface to the bulk in organic semiconductors 
will be discussed.  
 
 
 
Figure 2.1.0 the schematic device structure of transistor (on top); the energy diagram of this 
transistor with showing hole transport process. 
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The schematic diagram of OTFT and its energy level diagram are shown in Figure 2.1.0. 
In general, the working part of the device consists of thin organic films covered by two 
electrodes: the drain and the source. The channel length is defined as the distance between the 
source and the drain. The gate electrode, is laid out along the channel between the drain and the 
source, which is electrically insulated from the semiconductor film by using a thin dielectric 
layer to form a metal-insulator-semiconductor (MIS) structure. Upon operation with a voltage 
between the gate and the source, electric field induced an accumulation layer is formed at the 
semiconductor–insulator interface, hence inducing a conducting channel. With the drain bias, 
the electrons can move from the source to the drain and form the current (Ids). In the present 
case for p-channel transistor, holes initially injected into the organic layers from the drain 
electrode, and then travel through the organic layers by hopping transport (for disordered films) 
or band transport (for organic single crystals) with contribution of polaron; and finally reach 
the source electrode. Since charge transport energy level corresponds to the corresponding 
ground-state of electronic level of singly ionized molecular state (M+ state for hole and M- state 
for electron), photoelectron spectroscopy is suitable for the direct study of the hole transport in 
the films (see Sec. 2.4). The films mobility in OTFT is usually evaluated by the following 
equation within the saturation region: 
2
ds n gs TI = (V V )
2
CW
L
µ −                                                    (1) 
Here, TV , nµ , C , is the threshold voltage, the mobility in the semiconductor, and capacitance 
of the insulator, respectively. The threshold voltage is directly connected to the contact 
resistance on metal-organic interface, which strongly depend on the injection barriers (Φh is 
the present case) and films morphology. The barriers at the organic-metal (or organic-organic) 
will be illustrated in Sec. 2.3. 
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2.2 Electronic States of organic semiconductors from Single molecule to solid film 
2.2.1 Single organic molecule 
Organic molecules are commonly closed shell system with the domination of π- or σ-bonds. 
Molecular orbitals with the formation of chemical bonds which are occupied by electrons up to 
HOMO, and unoccupied down to LUMO, with the energy gap in between. Figure 2.2.1a 
schematically depicts the electronic structure of a single molecule, which is similar to the 
molecule in gas phase. The ordinate shows the electron energy. The potential well at the core 
 
 
Figure 2.2.1 Evolution of electronic structure from single molecule (a) to solid film (b). VL: the 
vacuum level, HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied molecular 
orbital, IP (gas): ionization potential of gas molecule, IP: ionization potential of solid film, Eg: 
energy band gap, EA: electron affinity. 
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level region is formed due to the Columbic potential of every atomic nucleus. The effective 
potential well from the molecule consists of the atomic nuclei and electrons. Molecular orbitals 
(MOs) with discrete energy levels are formed at the upper part of the potential well. The energy 
level of each molecular orbital is occupied by two electrons with spin up and down, respectively.  
Out of the potential well with horizontal line describes vacuum level (VL), indicates the zero 
kinetic energy of electrons excited from molecular level in the well. Electrons at deeper levels 
are strongly localized in the atomic potential well (or core levels), and thus present the features 
of atomic orbitals because of stronger interactions within each atom. The smallest energy, 
which is necessary to remove one electron from the MO (HOMO) to VL, is called gas phase 
ionization potential (IP), and electron affinity (EA) is the energy gained upon adding an electron 
to the neutral molecules LUMO from vacuum level. The molecules are ionized in both cases. 
2.2.2 Solid films of organic molecules 
Once molecules assembled together to finally form an organic solid film, the orbital energy 
levels become like Figure 2.2.1b. Depending on the periodic ordering of molecules, the solid 
films could be divided into single crystalline films, polycrystalline films and amorphous films.  
Due to the intermolecular interaction is mainly governed by the weak van der Waals force, 
orbital wave functions on the lowest unoccupied states (or conduction band) and the highest 
occupied states (or valence band) are usually localized in each molecule, with showing narrow 
intermolecular band widths smaller than ~0.2 eV [1]. Thus, the electronic structures of an organic 
solid could approximately preserve the properties of individual molecule, and the validity of 
common band theory is often limited in discussing charge transport in organic solid films. The 
bottom of the unoccupied state and the top of the occupied state are often noted as LUMO and 
HOMO, reflecting direct correspondence to the molecular states. However, the difference of 
orbital energy levels of solid film and single molecule is clearly understandable as shown in 
14 
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Figure 2.2.1, since the ionization energy in a solid film is reduced by screening effects of ionized 
molecule [the polarization/relaxation of only electrons, the molecule and surrounding 
molecules]. The introduced charge in solid films may therefore strongly affect carrier transport 
due to the induced significant electronic and structural changes. Consequently, a transporting 
charge in solid films is not considered as ‘a free particle’, but described as a polarization cloud 
[2], which lead to HOMO level of organic solid films shifts up to the vacuum level (positive 
polaron), and LUMO level shifts down against vacuum level (negative polaron). Finally, the 
energy gap between HOMO and LUMO for the charge transport in solid films decreases in 
various ways compared to single molecule.  
 
 
Figure 2.2.2 (a) Energy level diagram of an ionized molecule in a solid film (condensed film). The 
energy difference between LUMO (negative polaron) and HOMO (positive polaron) is transport gap 
(Eg,trans). (b) The energy gap through optical transition by creating a Frenkel-exciton is optical gap 
(Eg.opt). The difference between Eg,opt and Eg,trans is the exciton binding energy Eexc. The 
polaron effects due to the relaxation of the cation (for HOMO) or anion (for LUMO) and the 
surrounding molecules in the films finally realize in reducing energy gap from Eg,gas to Eg, trans. 
15 
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The situation in Figure 2.2.1b is commonly simplified to be described as in Figure 2.2.2a. 
The energy gap which is usually measured by photoelectron spectroscopy is related to transport 
gap (Eg, trans), which presents the energy levels for charge transport (electronic polaron levels). 
On the other hand, the energy gap which is measured by absorption spectroscopy is call optical 
gap (Eg,opt). For organic solids, Eg,opt corresponds generally the energy needed for electrons to 
excite from the ground state (S0) to singlet excited state (S1), as shown in Figure 2.2.2b. The 
difference between optical gap and transport gap depends on the time dependendent dielectric 
constants (screening effects) and intermolecular interaction (delocalization of the energy level) 
of solid films. The energy difference between Eg,trans and Eg,opt is clearly distinguished as in Fig. 
2.2.2a and b, which represents approximately the difference of the charge separation energy or 
exciton binding energy (Eexc). According to the published results, this exciton binding energy 
could be a few hundreds meV [3-5]. 
2.2.3 Energy gap in solid films related to film structures 
Packaging structures of molecules in organic films have direct effect on the energy 
positions and widths of HOMO and LUMO bands. Since electric dipoles exist within molecule 
due to the intramolecular polar bond, such as >C--H+ bond and >C+-F- bond.  The electron 
escapes to vacuum (or reverse) is affected by changes in IP and EA due to the dipole potential. 
For example, the dependence of IP on the molecular orientation have already been demonstrated 
for ordered organic films with different surface local dipoles [6]. However, the transport gap of 
organic solid should keep constant value despite of molecular orientation and molecular 
packaging face by only considering the intramolecular polar bond [7]. 
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2.3 Energy level alignment at organic semiconductor interfaces 
Direct contact between an organic thin film and a substrate can induce a variety of different 
effects at the interface. A typical change of the energy level alignment (ELA) at 
organic/substrate is that after formation of the interface, electrons in both of the substrate and 
organic layer should rearrange because of the molecule-substrate interactions and achievement 
of thermodynamic equilibrium of the electron system. This rearrangement is accompanied by 
the change in the geometry of molecule and distance of molecules to the substrate surface. Thus 
if the charge is localized, the geometry changes are also localized around the charged molecule 
to result in an introduction of imperfection into the molecular ordering. 
2.3.1 Work function of metal substrate 
 
Figure 2.3.1 (a) Changes of potential energy with respect to a function of distance z at a 
metal/vacuum interface. (b) Charge density changes as a function of vertical distance z, which 
relative to a clean metal surface. μb is bulk chemical potential; WF is work function; SD is surface 
dipole; ρ(z) is positive charge density; n(z) is negative charge density. Φin is the inner potential 
energy.  
17 
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For many organic electronic devices, metal is commonly used as an electrode, thus is 
widely used as substrates of organic films for study of organic-electrade interfaces. Before 
discussing these interfaces after contact, we first need to understand the roll and definition of 
the work function of a clean metal and the density of surface electrons. As shown in Figure 
2.3.1a, the work function (WF) is defined by the energy difference between the Femi level and 
the vacuum level (VL) and thus depends on the electrostatic potentials in the bulk and at the 
surface, which changes from the bulk to the surface and into the vacuum. Φin is usually set to 
zero in the jellium model [8]. The difference between Φin and the Fermi level defines the bulk chemical 
potential μb . In figure 2.3.1b, the positive charge density [ρ(z)], created by nuclei, is shown for 
an example, where ρ(z) drops directly to zero at the metal surface, while the negative charge 
density n(z), which originates from the electrons, ‘‘spill out” into the vacuum.  
The electrostatic potential energy depicted in Figure 2.3.1a increases from the bulk (inner 
potential energy) to “Spill out” region outside of the metal surface. The metal-surface dipole 
potential energy (SD) is defined by the difference between the inner and outer electrostatic 
potential. The difference between Φin and the Fermi level presents the bulk chemical potential 
μb. Based on DFT and the assumptions of the jellium model, the work function of the metal 
surface could be written as: 
WF bSD µ= −  
μb describes the property which is related to the bulk, so it is a constant value. SD is related to 
the “spill-out” electrons from metal surface to vacuum, which could be easily changed once the 
molecule is absorbed on the metal surface, thus as well as WF (according to the equation). 
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2.3.2 Interface dipole at organic semiconductors 
Once the molecules are thermally deposited or spin coated on the substrate, the interaction 
at the interface generally is separated into two specific cases, physical adsorption and chemical 
adsorption.  In the physical adsorption system, the interaction is very weak, which is mainly 
dominated by Van der Waals forces, while in the chemical adsorption system the molecules 
interact strongly with the substrate surface to form chemical bonds. These interactions at 
molecule-substrate interfaces dramatically influence the electronic states near the interface 
more with increase in the interaction, which usually result in the formation of interface dipole 
as depicted in Figure 2.3.2. Finally, the ELA is affected by these interface dipoles. 
 
 
Figure 2.3.2 Overview on the possible mechanisms that could form and affect the interface dipole 
between substrate and organic film. (a) Charge transfer across the interface, (b) a chemical bonding 
induced shared orbitals, (c) a permanent dipole depends on the shape of molecule, (d) the 
rearrangement of electron density of metal surface, (e) a mirror charge, and (f) the occurring of an 
interface state. 
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The interface dipole formation for various molecules on different substrates has been 
systematically studied by Prof. K. Seki group [9] . They found in most cases that deposition of 
an organic molecule on metal substrate lowers the work function of the metal, and results in a 
negative value for the interface dipole, except for a few high WF materials. Ishii et al. reviewed 
many literatures and provided six different models to explain interface dipole formation [9]. 
Figure 2.3.2 shows a series of sketches that depict the different mechanisms. Figure 2.3.2 (a) 
depicts the model that charge transfer occurs between substrate and molecules, in which 
depending on the respective molecule either to give electrons to the substrate to form cations 
or to accept electrons from the substrate to form anions. If the interaction is so strong that a 
chemical bond could be formed, which also accompanied with an exchange of charge, the 
model would be described in figure 2.3.2 (b). The simplest case for surface dipole formation is 
originated from deposited molecules with showing permanent dipole (e.g. ClAlPc [10], ClGaPc 
[11]…), this molecular dipole moment can lead to a large interface dipole, as shown in figure 
2.3.2 (c). The typical explanation of interface dipole at clean metal-organic interface is the 
“push back” effect, which describes the “spill out” electrons at the clean surface is strongly 
pushed back by molecules due to the repulsion force and induces the work function decreases 
to form interface dipole, as shown in figure 2.3.2 (d). Figure 2.3.2 (e) depicts the mirror force, 
when the molecule rearranges their electron potential and results in the concentration of the 
electron at the interface, the substrate could screen this electron and thus induce a positive 
charge at the substrate side. Finally, the model (f) indicates the existence of an interfacial state, 
which is used as a buffer for charge, could also be able to influence the interface dipole. The 
effect of "interface dipole" explains why no common vacuum level alignment occurs at most 
organic-metal interfaces. It is a crucial parameter because it determines the relative position of 
HOMO and LUMO with respect to Fermi level at the contacted surface. 
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2.3.3 Band bending at organic semiconductors 
When molecules deposit on a substrate with continuously increased thickness, we usually 
find that the HOMO band shifts and in same cases is located closer to the Fermi level (or in 
other cases far away from the Fermi Level) with HOMO-LUMO gap unchanged, which lead to 
the formation of so call “band bending”. The ideal band bending model at metal-semiconductor 
interface [12] is described for inorganic semiconductors, and the example shows here is metal/n-
type semiconductor contact in Figure 2.3.3.0. Once the substrate/semiconductor interface is 
formed, electrons will flow across the interface from semiconductor to substrate, in order to 
 
Figure 2.3.3.0 simple model of organic/substrate interface to illustrate the band bending according 
to inorganic semiconductors theory. (a) An energy-level diagram is described with the band bending 
of vacuum level, HOMO, LUMO according to a distance Xd from the interface, (b) the carriers 
density ρ(x) at the interface, (c) the net carriers density induced changes of electric field E(x) at the 
interface, (d) the potential ψ(x) changes at the interface. 
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achieve thermodynamic equilibrium (to reach common Fermi level). The transferred electrons 
are stored in the substrate at the interface (see Figure 2.3.3.0b for metal/n-type semiconductor 
contact). Those electrons transferred from the semiconductor create a depleted region of free 
electrons with a positive charge density. And those positive charges could create electric field 
within this depleted region, as shown in Figure 2.3.3.0c. The in-built potential of the field, 
described in figure 2.3.3.0d, then could bend energy bands through all the depletion region (start 
from the interface to xd) to form band bending, as depicted in Figure 2.3.3.0a. 
In organic semiconductors, band bending mechanism was recently revealed from Prof. 
Koch’s group by study the metal-insulator-semiconductor (MIS) interface, as shown in Figure 
2.3.3.1. Through measurements of UPS spectra of C60 on NaCl/Ag (111) surface [13], they found 
consequence shift of C60 HOMO, which could be explained by using electrostatic potential drop 
according to the distance with respect to the charged molecules. The differences of band 
 
 
Figure 2.3.3.1 the proposed model from prof. Koch to illustrate band bending at metal-insulator-
organic (Ag/NaCl/C60) interface before and after contact [13]. 
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bending between organic semiconductor and inorganic semiconductor depend on charged 
molecules (or atoms). In organic semiconductors, the charged molecules are only localized 
during in a few molecular layers, which cannot form a wide depleted region like in inorganic 
semiconductors. These organic layers with ionized molecules could act as charge center, which 
induce the electric field and electrostatic potential to the thicker films and result in the formation 
of so call “band bending”. 
 
2.4 Bulk properties in organic semiconductors 
2.4.1 Electronic properties of organic semiconductors from interface to bulk 
 
 
Figure 2.4.1 Diagram of the different surrounding situations of molecules at the surface (a), in the 
bulk (b), and at the substrate/organic film interface (c). This figure shows that polarization effects 
depend on position of the photogenerated cation. 
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Since the difference exists for molecules at the surface and in the bulk due to the difference 
of surroundings, namely molecules or the vacuum, the electronic properties of such molecules 
are different. Figure 2.4.1 depicts the different polarization effects between molecules at the 
surface and in the bulk upon photoionization. Once a molecule is photoionized by light (such 
as in UPS measurement) to emit an electron and leave a hole (cation), the surrounding 
molecules are polarized by this hole to form negative charges near this molecule. When this 
positively charged molecule is located at the surface (see Figure 2.4.1a), it is screened only by 
molecules in the half-space area. So, the polarization/screening effects of this molecular cation 
is much weaker than a cation that is completely surrounded by other molecules (see Figure 
2.4.1b, molecule in the bulk).  Different polarization/screening effects also exist for a molecule 
at the film-substrate interface (see Figure 2.4.1c). From the published results [14], the differences 
of the cite-dependent HOMO energies could be as high as 0.4 eV. When we deposited 
molecules on a metal substrate, the cite-dependent changes of the molecular energy levels 
between molecules at the surface, in the bulk and at the interface should be carefully considered, 
which means these surface/interface effects should be avoided for study the bulk properties of 
organic films.  
2.4.2 Density of gap states 
Once the substrate contacts with the molecule, if the work function of substrate is higher 
than IP or lower than EA, the Fermi level “pinning” occurs. The energy difference between 
Fermi level position and the LUMO or HOMO edge (obtained from IPES and UPS results, 
respectively) is generally in the value range of 0.4-0.6 eV. This Energy difference in organic 
semiconductors could be explained by considering the formation of polaron state, which may 
be explained by the integer charge transfer (ICT) model [15, 16]. This model implies that the 
nuclear relaxation energy of molecular ions, which associated either with the formation of a 
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photo induced hole (from UPS) or an injected electron (from IPES), is in the same order of 
magnitude. However, the theoretical calculation points out that molecular deformation energy 
is at 3-4 times less for these experimentally measured molecules, which leads to question on 
the ICT model. On the other hand, over the past few years, more considerable attention has 
been paid to electronic density states that extends into the energy gap in between LUMO and 
HOMO, which is usually named as “gap states”. In figure 2.4.2.0, the schematic diagram of gap 
states in energy gap of organic semiconductors is illustrated. The HOMO, LUMO, vacuum 
level and the Fermi level are drawn in the figure. For pristine organic films, shown in figure, 
the HOMO and LUMO of organic films are localized and discrete to induce broaden of these 
levels, which are originated from the films structures and molecular orientations. The 
 
Figure 2.4.2.0 Schematic diagram to illustrate the gap (trap) states in organic films. The gap states 
could be divided into shallow traps (E<~a few kbT) and deep traps (E> ~ a few KBT). 
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defects/impurities of the films usually induce these unoccupied levels below LUMO and 
occupied states above HOMO to form shallow and deep gap states. These gap states have the 
serious influence on charge transport in the films during bias operation, which could 
dramatically decrease the mobility and limit the device performance. 
The previous studies on the origin of gap states are mainly focused on the impurities, which 
could be eliminated by purification of the sample using sublimation for several cycles. However, 
even after high purification, these density of gap states are still exist, which make people to 
think deeper and lead to possible reasons from structure defects. The starting point is from the 
calculation of pentacene films by shifting the two molecules relative positions, which is initially 
studied by J. L. Bredas’s group [17]. Direct measurements of gap states with UPS were started 
 
Figure 2.4.2.1 the demonstration of detected low density of states above HOMO edge. (a) He Iα 
UPS different spectra between Pntacene (0.8 ML) on ClAlPc (0.8 ML)/HOPG and ClAlPc (0.8 ML) 
on HOPG at the temperature of 300K, 110K, and 60K, respectively. (b) The energy level alignment 
of Pentacene on ClAlPc/HOPG interfaces before and after contact [18]. 
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by Ueno group in 2006 [30]. In 2009 they measured pentacene films on ClAlPc-monolayer-
modified HOPG surface [18]. Their sample and the results are shown in figure 2.4.2.1. The work 
function of the ClAlPc-monolayer-modified HOPG is 4.92 eV, which is higher than the 
ionization potential of pentacene films of standing molecular orientation (4.72 eV), a clear 
Fermi level pinning at the HOMO edge of pentacene was expected due to the electron transfer. 
However, what they found by using ultrahigh-sensitivity UPS was that the Fermi level is located 
in the Pentacene energy gap region with the formation of interface dipole. And at the same time, 
UPS spectra clearly demonstrated that gap states exist even at the Fermi level. They proposed 
that the gap states may originate from HOMO state due to the imperfect molecular packing, and 
 
Figure 2.4.2.2 UPS spectra of PEN after 1-ATM gas (N2 and O2) exposure for HOMO and gap 
region.  The spectra are plotted on log density-of-states scale to show quantitatively the gap states 
before and after gas exposure as well as HOMO-level shifts [19]. 
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distribute exponentially till the Fermi level, which could dominate the Fermi level pinning in 
the energy gap. 
The direct study to reveal roll and origin of gap states were performed by Bussolotti et. al 
[19]. They measured pentacene films with and without inert gas exposure, and demonstrated that 
the density of gap states increase with gas-exposure time.  The results of dependence of the 
spectral changes on gas can be seen in Figure 2.4.2.2. In Figure 2.4.2.2, the pristine pentacene 
films show less density of gap states in the binding energy region between 0.5 eV and the Fermi 
level. After 20-hours 1-ATM N2 exposure, the HOMO level shifts clearly toward the Fermi 
level with the gas exposure. For the N2 exposure, the energy shift is well related to total gas 
exposure and the increased density of gap states. After additional 1-ATM O2 exposure, more 
HOMO shift and increase in the gap states density are found. Since no chemical reaction was 
observed by XPS after N2 exposure, they attributed the increased gap states and resulting energy 
level shifts to increase in imperfection/disorder of petacene packing structure. Moreover, they 
also claimed that these gap states are induced by gas penetration into the film and are 
responsible to control the Fermi level position within the gap.  This could explain the reason 
why the Fermi level was not observed at the middle of the gap even for pristine undoped organic 
films. 
2.4.3 Doping in organic films 
To further improve the conductivity of organic films, a widely used method is doping with 
guest materials, which has been commonly used in silicon-based inorganic materials. However, 
due to structure differences between organic molecules and inorganic materials are existed, the 
properties of doping in organic semiconductors are expected to be different. One of key 
differences of the doping in organic semiconductors is that charge transport in disordered 
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organic films is mainly through hopping from those localized states in molecules. Polaronic 
coupling (between localized hopping states) and coulomb forces (between charge carriers) are 
the other two additional effects. Dopants which are generally chosen to be used in organic films 
have widely options. The first materials are those strongly oxidized gases, e.g., iodine [20] or 
bromine [21], which have been used to dope into phthalocyanines and result in high 
conductivities. However, the problem of those dopants is that they are too small to easily diffuse 
within the films, which can induce poor thermal stability. Other options are to use small atoms 
like lithium [22], cesium [23]or Lewis acids [24] as donor to increase electron conductivity. But the 
diffusion problem still exists due to the smaller size of dopants. Recently, larger aromatic 
molecules, which can be used as good donors or acceptors, are well developed, such as 
[RuCp*(mes)]2 [25], HAT(CN)6 [26], F4TCNQ [27], etc. These dopants can also easily improve the 
stability of devices. The general explanation of doping of organic semiconductor is based on 
physics of inorganic semiconductors, where electron donors or acceptors are doped to the host 
materials in order to generate additional mobile charge carriers. To realize the increased 
electrons concentration, the donor dopants should donate electrons to the LUMO of host 
molecules. On the other hand, in order to increase holes concentration, accepter dopants should 
extract electrons from the HOMO of host molecules. However, research about the original 
doping mechanism in organic materials is still under debate. 
By changing the dopant concentration in organic films from ultralow (10-4 molar ratio) to 
heavy doping, we can realize a tuning of the Fermi level positon in energy gap and produce a 
better device performance. Since the gap states exist even in pristine films, doping with guest 
materials in ultralow concentration could easily extract or fill these gap states. The first clear 
demonstration of filling empty trap states for electrons of C60 films was presented by Professor 
Kahn’s group [28]. The dopant they used is ruthenium (pentamethylcyclopentadienyl) (1, 3, 5-
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trimethylbenzene) dimer, which can release electrons and form [RuCp*(mes)]+  cations after 
doping. By tuning the    molecular ratios of dopant from 10-4 to 10-1, two different slopes of the 
work function and HOMO peak positions are found, as shown in Figure 2.4.3.0.  The rapid 
increase of work function (or decrease of HOMO position) at ultralow doping ratios indicates 
the behavior of passivating the traps from LUMO region in C60 films. 
Another work from professor Koch’s group [29], where they also used doped films to study 
the interactions in organic D-A molecular systems in order to understand why even for the 
heavy doping ratios in organic films, the Fermi level never reaches LUMO (or HOMO). The 
molecules they used for their studies are F4TCNQ and pentacene. By changing the doping ratios 
of F4TCNQ, they demonstrated with UPS spectra, the increased ionization potential of doped 
films and absence of states at Fermi edge. By combining the experimental results and DFT 
calculations, they proposed orbital hybridization model in organic-organic doping system, 
Figure 2.4. 3.0 Filled empty electron traps in C60 films by doping. (a) Molecules used for their study. 
(b) Change in work function and HOMO peak positions with respect to the Fermi level upon doping 
[28]. 
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which is shown in Figure 2.4.3.1. The LUMO of F4TCNQ molecule and HOMO of pentacene 
molecule can hybridize and result in the formation of bonding (occupied) and anti-bonding 
(empty) states. These changes between bonding state and anti-bonding states governs the Fermi 
level position. This orbital hybridization model also interprets the reason why the integer charge 
transfer induced single occupied state at this donor-accepter system cannot be observed. The 
energy difference between the bonding states and the Fermi level position thus also limit the 
doping efficiency in organic devices. 
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3.1 Overview 
In this chapter, the experimental methods, which are used in this work to characterize the 
organic films and devices, are introduced in details. Mainly photoelectron, device fabrications 
and measurements are explained. Furthermore, the molecules used in this thesis are also described. 
 
3.2 Experimental techniques used in this work 
3.2.1 Photoelectron spectroscopy 
The electronic structure of organic films at the surface or in the bulk is widely studied by 
using photoelectron spectroscopy (PES) and inverse photoemission spectroscopy (IPES). The 
working principle of PES is related to photoelectric effect, where electrons in the films are 
excited to become free electrons by incident light with the photon energy hν. The excited 
electrons are then collected by the detector according to their kinetic energy. Hence, PES could 
only be used to study the occupied states of the samples. X-ray photoelectron spectroscopy 
(XPS) (hν≥ 1000 eV) is used to measure core level states in order to study films composition 
and chemical reactions, while ultraviolet photoelectron spectroscopy (UPS) (hν ~ 7 eV -100 
eV) is used to study valence states of semiconductor surfaces and interfaces. On the contrary, 
IPES can investigate the electronic unoccupied states. In this study, UPS is mainly used to 
investigate the electronic structure about the HOMO and vacuum level (VL) in organic 
semiconductors by choosing Helium lamp (He Iα 21.218 eV and He II 40.84 eV) and Xenon 
lamp (Xe Iα which is defined from Xe 3p orbital excitation, with the energy of 8.437 eV). From 
these obtained spectra, we reveal energy level alignment issues and doping theory issue in 
organic semiconductors. 
34 
 
Chapter 3 Experimental methods 
Figure 3.2.1.0 shows the basic principle of UPS. The film surface is irradiated by an 
ultraviolet light with energy hν. Then, electrons in the film are excited from occupied states to 
vacuum level by overcoming the energy potential from the surface. Considering the first 
approximation without accounting for selection rule and cross-section effects, the energy 
distribution of photo-excited electrons could represent the convolution of the density of 
occupied levels in films. Some of these excited electrons will undergo inelastic scattering 
accompanied with losing all information about their initial states and a part of their kinetic 
energy. These inelastic electrons can contribute to the secondary electron background in the 
spectrum, once their energy is large enough to overcome the work function of the film. Here, 
the density of final states at the secondary electron background region are assumed featureless. 
The critical features in the UPS spectrum thus correspond to features of the initial occupied 
states and the spectrum provides approximated the density of occupied states in the film. The 
 
Figure 3.2.1.0 Schematic diagram of photoemission process and UPS spectrum of film surface (in 
this case is a metal substrate). Electrons in occupied states in the films are excited by photon and 
detected by analyzer. Φ is the work function of the film, which is defined by the energy difference 
between vacuum level energy (Evac) and Fermi level energy (EF=0 eV). 
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occupied states consist of core level states and valance states. Depending on the photon energy 
we choose, different occupied states could be studied. Once we choose the photon energy within 
the UV region, the energy levels in-between the valance band region in films could be 
distinguished and analyzed. The UV photon sources used in our laboratory are Helium and 
Xenon gas discharge lamps. Since the inelastic mean free path λ of the electrons in the films is 
directly related to the kinetic energy of these electrons [1] (as shown from universal curve in 
Figure 3.2.1.1), which also means that λ is related to the incident photon energy, electrons 
excited by Helium I, II have only a few Å mean free path, but much longer for those excited by 
Xenon Iα. These lines are quite intense and could have an intrinsic line width of less than 1 
meV. For present experiments, ~1 meV for He I, II; and less than 5 meV for Xe Iα. The 
discharge lamps are usually separated from the UHV analysis chamber by a capillary, a 
 
Figure 3.2.1.1 "Universal curve" about electron inelastic mean free path (IMFP) with respect to 
kinetic energy (eV), zero kinetic energy is referred to Fermi level [1]. 
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monochromator and the necessary pressure gradients are maintained by a two-stage differential 
pumping system with mechanical pumps and turbo molecular pumps.  
3.2.2 Ultraviolet photoelectron spectroscopy (UPS) 
Before we start to study the electronic properties of organic films by using UPS, we should 
first relate the measured electron kinetic energy values to the absolute energy level values of 
the films. To answer this question, we should carefully consider the work function of the 
detector and the commonly achieved thermodynamic equilibrium, as shown in Figure 3.2.2.0.  
Figure 3.2.2.0 depicts schematic energy level diagram for both organic samples and analyzer in 
a UPS apparatus. In this case, the work function of samples (Φs) is drawn to be larger than work 
function of detector (Φd). Photo-electrons excited by the incident light of hν should overcome 
the binding energy from the samples (Eb) and the work function (Φs) (thus, Eb+Φs) to escape 
into the vacuum and become free electrons with the energy of Ekin. These electrons are then 
collected by detector with the kinetic energy of Ekin’.  Because both the sample and analyzer 
are electrically connected, the thermodynamic equilibrium should always be achieved to give 
the Fermi level throughout the electron system. So the equation for necessary energy parameters 
can be written as follows: 
' hkin d b kin s dE E Eυ= − = −-Φ +Φ Φ                                                    (1) 
In an experiment, Φd is a constant value and thus Eb can be measured. 
During the measurement, in order to observe the second electron cutoff, a constant 
negative potential VSECO is usually applied to the sample (typically a few voltages). We should 
notice that the variation of Evac along the electron path could be affected by Φs and Φd, as 
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shown in the Figure. The sample work function could be calculated after subtracting the energy 
distance from SECO to Fermi level, which could be written as: 
kin,EF , SECOh (E V )s kin SECOEυ= − −Φ -  (2)  
 
 
Figure 3.2.2.0 Energy diagram of an organic film surface and electron detector in equilibrium on 
the upper part. The Fermi level EF is aligned across the entire system. The vacuum level of organic 
film Evac(s), and the detector Evac(d). The vacuum level at infinity Evac(∞) is arbitrarily chosen below 
Evac(s), and Evac(d). Their relative work function Φs and Φd are also shown. Ekin and Ekin’ represent 
excited free electrons kinetic energy above the sample and the detector, respectively. Eb(s) is the 
binding energy of electrons in the sample. The lower part is the principal experimental setup with a 
film sample and the electron energy analyzer. More details can be found in Ref. [2]. 
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HOMO in organic films represents the highest orbital energy, thus has the highest kinetic 
energy (without considering the inelastic electrons). By combing the HOMO binding energy 
(Eb,HOMO) and work function Φs, the ionization potential IP could be achieved: 
( ), , , , ,     (   )b HOMO kin EF kin HOMO kin HOMO kin SECO SECOIP E s E E s h E E Vν= +Φ = − +Φ = − − +      (3) 
where the Ekin, HOMO is usually obtained by the onset value of HOMO peak. 
A typical example of energy distribution data acquired by He Iα UPS is shown in Figure 
3.2.2.1, where the intensity of counted electrons are plotted versus their kinetic energy. Figure 
(a) shows spectrum of organic molecules deposited on clean metal substrate and (b) shows 
 
Figure 3.2.2.1 A typical example of energy distribution data acquired by He Iα UPS. (a) the organic 
molecules of CuPc deposited on clean Au(111) metal; (b) the clean metal substrate (Au (111) in this 
case) 
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spectrum of the clean metal substrate. With bias added to samples (in this case -5V), SECO is 
exhibited at the lowest kinetic energy, indicates the Evac value. Valance band involves the band 
gap area at the high kinetic energy up the Fermi level. The electrons with highest kinetic energy 
(without considering inelastic electrons) represent the highest occupied states from samples. To 
metal, the highest occupied state corresponds to the Fermi level; HOMO is for organic films, 
as shown in figure (b) and (a). Difference between the HOMO onset and the Fermi level is 
marked as hole injection barriers (△Φh); and the work function difference is marked as △Φ, 
which includes surface dipole and band bending. Based on the equation (3), we can calculate 
the IP of organic films. 
 
Figure 3.2.2.2 a typical spectra of Xe Iα UPS. (a) The organic molecules deposited on clean metal; 
(b) the clean metal substrate (Au (111) in this case) 
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The other example is Xe Iα UPS spectra, which are also used in this study, as shown in 
Figure 3.2.2.2. The figure also shows the spectra of a clean metal substrate (b) and organic 
molecules on this metal substrate (a). Since Xe Iα photon energy is quite small, the peak features 
of metal and organic films measured by Xe Iα have much less than features from He Iα. The 
vacuum level, Fermi level and HOMO peak positions can also be extracted from these spectra. 
Moreover, comparing with He Iα UPS, the advantage of Xe Iα UPS is that it can reveal the 
electronic structures of organic films in the bulk region, which can reflect the direct film 
properties in related organic devices. 
 
3.2.3 X-ray photoemission spectroscopy (XPS) 
Core level spectra, which can be measured by XPS, could reveal the chemical interaction 
at organic-organic interface and organic-substrate interface. The in-home light sources used to 
generate X-ray light are Mg (Kα) or Al (Kα) radiation, which can produce photons with hν of 
1253.7 eV and 1486.6 eV respectively. Since each element has a unique electronic structure 
energy levels, XPS spectrum can provide us the information on elemental composition. The 
changes in the chemical environment of an element affect binding energies of core levels, which 
are usually induced by doping, oxidation and adsorption. These changes can be detected as 
shifts of core level positions. An example of XPS N 1s spectra from Alq3 films are shown in 
Figure 3.2.3 [3], where plot peak intensity against binding energy.  We can see that only one N 
1s peak for pristine Alq3 is found at 400 eV. After doping with Mg atoms, the N 1s shifts to 
higher binding energy with a new additional peak. This new additional N 1s peak directly 
indicates the chemical interaction between Mg and AlQ3 with a formation of new covalent bond. 
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3.3 Experimental apparatus used in this study 
3.3.1 Photoelectron spectroscopy experiments at Chiba University: High sensitivity low 
background UPS 
I. Outline 
 
 
Figure 3.2.3 XPS N 1s spectra from Alq3 films with/o Mg doping. The film thickness are both 
10nm. 
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Schematic of the experimental apparatus is described in Figure 3. 3.1.0 The apparatus 
consists of (A) sample introduction chamber, (B) single crystal preparation chamber, (C) 
analyzer chamber, (D) sample preparation chamber, (E) molecule deposition chamber and (F) 
monochromator chamber. In chamber (C), there is an energy analyzer MBS A-1, and its 
hemispherical mean radius is 200 mm. In addition, two monochromatic light sources are 
available with different discharge lamps: one is manufactured by Omicron (HIS13) for Xenon 
 
Figure 3. 3.1.0 Schematic of the experimental apparatus in Chiba University. 
 
43 
 
Chapter 3 Experimental methods 
and the other one is from MBS (L-1) for Helium. The X-ray source from VG is mounted on the 
chamber (C). The preparation chamber (D) has a liquid N2 trap in order to get higher vacuum. 
On the other side, the IR heater from thermo RIKO is mounted. An ion gun and a SPA-LEED 
system are installed in chamber (B). 
The vacuum system of this experimental apparatus is shown in Figure 3.3.1.1. The ion 
pumps and getter pumps are placed in analyzer chamber (C) and LEED chamber (B).  Other 
chambers are turbo molecular-pumped chamber. The ultimate vacuum of chamber (B), (D) and 
(E) are in 10-8 Pa order, chamber (C) is in 10-9 Pa order and chamber (A) is in 10-5 Pa order.  
II. Electron energy analyzer: MBS A-1 
The schematic of the hemispherical energy analyzer is described in Figure 3.3.1.2.  The 
electrons are excited from the surface, enter the lens and selected to pass through the 
  
 
Figure 3.3.1.1 Schematic of the vacuum system of out experimental apparatus 
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hemispherical analyzer and finally detected by 2-D CCD camera. In 2-D detector system, the 
electrons will be detected and amplified by one set of MCP and illuminate the phosphor screen, 
and then its illuminations are detected by CCD camera through the view port to get the singles 
and changed to electron counts, as shown on the right side of figure 3.3.1.2. In the hemispherical 
energy analyzer, electron with pass energy of eV0 through analyzer with radio (R0) of electron 
mean path is: 
0 1 1 2 2 0V  =(V R  + V R ) 2R÷  
Since R0, R1 and R2 are fixed, in principle changing V1 and V2 will allow scanning of 
electron kinetic energy following mean path through hemispheres. The resolution of analyzer 
( E∆ ) is described by the following equation: 
 
 
Figure 3.3.1.2 schematic diagram of MBS A-1 analyzer 
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0 0E=s E 2R∆ × ÷  
where s is the slit width, E0 is the pass energy. 
In order to improve the resolution E∆ , one way is to operate the E0, which is related to the 
deflecting electrodes potential difference. The other way is to change the slit width, which is 
much easier, and we focus on the latter one. 
The width of the output slit is controllable in MBS A-1 (0.2, 0.4, 0.8, 1.6, 3.2mm). The 
measurement can be performed in various conditions by combining E0 and the six kinds of 
lends condition. The conditions we selected in this study are sampling area: 2mm, φ, spatial 
mode, s: 0.2 mm and E0: 5 eV. The energy resolution estimated from Au Fermi edge is less than 
30 meV. 
3.3.2 Photoelectron spectroscopy experiments at Soochow University: Kratos AXIS 
ULtraDLD UHV system 
Some additional experiments (Chapter 5 in this thesis) are also carried out in a Kratos 
AXIS UltraDLD ultrahigh vacuum (UHV) surface analysis system in Soochow University. This 
system also consists of a multiport carousel chamber, a deposition chamber, and an analysis 
chamber. Base pressures in the three chambers are better than 5×10-10, 5× 10-10, and 3 ×10-10 
Torr, respectively. UPS measurement is carried out by using an unfiltered He I (21.218 eV) gas 
discharged lamp. A monochromatic aluminum Kα source with the photon energy of 1486.6 eV 
is used in the XPS measurements. The analyzed spot size is ~3x3 mm2. For the collection of 
secondary electrons, samples are negatively biased at 4 V. The excited photo-electrons are 
collected by a hemispherical analyzer with a total instrumental energy resolution of 0.1 eV (at 
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room temperature 300K) for the UPS measurements and 0.5 eV (at room temperature 300K) 
for the XPS measurements.  
3.3.3 Device fabrication and characterization 
 Organic devices are fabricated by HV deposition system in Soochow University, where 
the system is bought from Trovato Company. The base pressure in the deposition chamber is 
better than 1×10-7 Torr. The pressure can increase to 2×10-6 Torr during the molecules 
deposition.  In this high vacuum system, 12 thermal deposition sources can be used to deposit 
molecules and electrodes. The deposition rate can be real time monitored by a quartz of 
 
Figure 3.3.3 Device fabrication system in Soochow University. Upper part is the picture of the 
system and lower part is the schematic diagram of this system. 
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thickness monitor which is connected to computer. During the deposition, all substrates 
(SiO2/Si or ITO) are put on top and rotated to eliminate the shadow effect. The schematic 
diagram is shown in Figure 3.3.3. Then the devices are characterized in Cryogenic Probe Station 
under the vacuum (<10-6 Torr). During the transfer of devices to the `probe station before 
measuring, the devices are shortly exposed to air. The measurement is carried out by Keithely 
4200-CVU. 
 
3.4 Organic molecules and substrates used in this study 
3.4.1 Hole and electron transport materials 
In this study, α-NPD, DIP and NPB derivatives have been used as hole transport materials 
(HTL) and C60 have been used as electron transport materials (ETL). α-NPD and NPB 
derivatives are usually deposited to form amorphous structures, C60 usually grows to form 
polycrystalline films on various substrates at room temperature. The amorphous bulk structures 
and spherical molecule are suitable for study the doping issue because their HOMO positions 
and ionization potentials are not affected by molecular orientation. On the other hand, DIP 
molecule easily shows island growth with large crystal domains, which makes it possible to be 
used as a template layer to tune molecular packing structures of the over-layer. Thus, we could 
study the effects of gap states that are produced depending on structure defects. Chemical 
structures of molecules are shown in Figure 3.4.1, and the chemical formulas are listed in Table 
3.4.1. They have all been obtained from Sigma-Aldrich with further purifications. 
3.4.2 Organic dopants 
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For organic dopants in this study, we focuse on strong electron acceptor (also means p 
type doping) where usual molecules with higher IP are used. Here, we choose F4TCNQ and 
HAT(CN)6. Both of them have higher IP than other molecules and are widely selected as p type 
 
Figure 3.4.2 Summary of ionization potential (IP) values measured by UPS of films of organic 
materials. IP is defined as the energy difference between the onset of the HOMO and the vacuum 
level obtained from the spectrum cutoff. Their full names are listed in Tab. 3.3.1. For DIP molecule, 
IP is respect to the standing orientation on substrate surface (ITO and SiO2). 
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dopant for organic devices. The molecular structure and their chemical formulas are also 
included in figure 3.4.2, and table 3.4.2, respectively. 
Table 3.4.2: Acronym, chemical formula, name, and molecular weight of all the materials 
studied in this thesis. 
Acronym/ 
abbreviation 
Chemical formula Name Molecular 
weight 
(g mol-1) 
α−NPD C44H32N2 N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’- 
biphenyl-4,4’-diamine 
588 
DMFL-NPB C47H36N2 N,N'-Bis(naphthalene-1-yl)-N,N'-
bi(phenyl)-9, 9-dimethyl-fluorene 
 
628 
DPFL-NPB C57H40N2 N,N'-Bis(naphthalen-1-yl)-N,N'-bi(phenyl)-
9, 9-diphenyl-fluorene 
 
752 
NPB C44H32N2 N,N-bis(1-naphtyhl)-N,N-diphenyl-1,1-
biphenyl-4.4-diamine 
 
588 
DIP C32H16 Diindeno[1,2,3-cd:1',2',3'-lm]perylene 400 
C60 C60 Buckminster fullerene 720 
F4TCNQ C12F4N4 2,3,5,6-tetrafluoro-7,7,8,8- 
tetracyano-quinodimethane 
276 
HAT(CN)6 C18N12 1,4,5,8,9,12-
hexaazatriphenylenehexacarbonitrile 
384 
 
3.4.3 Substrates 
I. Silicon wafer 
In most experiments in this work, organic molecules are deposited on silicon wafer with a 
thin native oxidized SiO2 layer on top. We choose this substrate for two reasons: one is the 
weak interactions of the substrate with molecules, so that we can mainly focus on the properties 
of organic films themselves; the other reason is the direct connection to the applications on 
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OTFTs. The wafers were first cut into small substrates of ~1 cm2 size. These smaller pieces 
were then cleaned by using acetone and isopropanol in an ultrasonic cleaner for ~10 minutes, 
and finally rinsed by deionized water before use. Before deposition of molecules, the substrate 
was put into the prepartion chamber and annealed at the temperature of ~400℃ for 15hours. 
The UPS spectrum of clean SiO2/Silicon substrate which measured by MBS A-1 analyzer is 
shown on Figure 3.4.3.0. 
II Indium tin oxide (ITO) 
Indium tin oxide (ITO) coated glass samples are brought from Soochow University and 
were also cut into pieces of ~1 cm2. The average thickness of sputtered ITO layer is ~200nm 
with a roughness of ~20 nm (RMS). The sheet resistance of ITO layer is ~30 Ω /square. Before 
 
Figure 3.4.3.0 He Iα UPS spectrum of a clean SiO2/Silicon surface, which measured by MBS A-1 
analyzer Binding energy 0 is referred to Fermi level. 
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the film deposition, the ITO glass are subjected to a standard cleaning process (immersed in 
acetone for 15 mins, isopropanol for 15mins and deionized water for 15mins), and finally 
treated by UV-ozone exposure. The typical value of work function of ITO is 4.2 eV. The 
spectrum of a clean ITO is shown in Figure 3.4.3.1. (The data was collected from Kratos AXIS 
UltraDLD in Soochow University). 
 
Reference 
[1] M. P. Seah, W. A. Dench, Surf. Interface Anal. 1 (1979) 2. 
[2] D. Cahen, A. Kahn, Adv. Mater. 15 (2003) 271. 
[3] Q. Bao, J. P. Yang, J. X. Tang, Y. Q. Li, C. S. Lee, S. T. Lee, Org. Electron. 11 (2010) 1578. 
 
Figure 3.4.3.1 He I UPS spectrum of a clean ITO surface, which measured by Karatos AXIS system. 
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Chapter 4 Interface optimization using DIP for C60 thin film 
4.1 Overview 
Although organic devices have attracted great attention in the past decades because of their 
advantages in realizing low-cost, large-area and flexibility devices, the charge carrier mobility 
of active organic layer and the device stability are not sufficient and have been required to be 
increased.[1-6] Among various organic devices, performance of OTFTs is mainly dominated by 
the mobility, thus OTFTs have been utilized in studying origins of the poor mobility and in 
developing a technology for improving the mobility[7, 8].  
It has been known that the density of charge trap states in organic active layers is one of 
the key factors that limit charge transport properties. Furthermore it has been also known that 
intermolecular interactions at the interface, which significantly affect the molecular orientation, 
packing structure and their electronic states, play a crucial role in the electron/hole transport 
characteristics.[10-13]  To reduce the density of trap states in OTFTs with SiO2 gate insulator, 
which originates from hydroxyl groups on the SiO2 surface [9], various organic films, such as 
self-assembled monolayer (SAM) modification of dielectric surfaces,[14-17] and films of  organic 
small molecules[10-12, 18-20], have been utilized to separate the active layer from the trap states at 
the SiO2 surface and to reduce structural defects in the active over-layer films. Oriented single 
crystals grown by directional solution shearing processes have also been studied to use single 
crystal property of higher mobility instead of thin polycrystalline films. [1, 21]  Among these 
different methods, the thin organic inter layer could enhance the crystallinity of the organic 
active layer on top and improve its charge mobility. [10-12] It was shown, for example, that an 
interlayer of pentacene improved the structure of C60 film on top, which could increase the 
electron mobility (μn) by more than a factor of 5 in the C60 channel. [10] However, the large OFF 
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drain current (Ids), arising from the hole transport through pentacene, could limit the ON/OFF 
Ids ratio of the C60 channel. Recently, Hinderhofer et al. reported that diindenoperylene (DIP) 
could be used to grow highly ordered and oriented C60 films with its (111) plane parallel to the 
SiO2 substrate. [22-25] They also demonstrated that growth of the well-oriented C60 film on 
DIP/SiO2 is mediated by a template effect of the underlying DIP.  It is expected that small OFF 
Ids could be achieved by using DIP as template layer in C60-based OTFTs because of the 
relatively low hole mobility of DIP single crystals (0.005 cm2V-1s-1 at room temperature [26]).  
In this chapter, we tune the fine structure of C60 film by using template DIP layer to reveal 
how the molecular packing structure could affect the gap states in C60 films and lead to a 
dramatic electron mobility improvement in C60 transistors. First, we demonstrate C60-based 
OTFTs by using ultrathin DIP as a template layer, and compared to the C60-OTFTs without DIP.  
We could find μn in the DIP-template C60 films can be as high as 2.92 cm2V-1s-1, which is more 
than tenfold higher than the reference device without the DIP template layer (in chapter 4.2). 
We also demonstrate the stability of OTFTs upon air exposure and operational stability under 
vacuum. Then we investigate the structure ordering of C60 films by using grazing incidence X-
ray diffraction (GIXD) and atomic force microscopy (AFM) (in chapter 4.3). Finally we 
investigate UPS spectra of C60 films both from pristine films with/o gas exposure (in chapter 
4.4). 
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4.2 transistors characterization of C60 films with/o DIP template 
Before discussing the device performance, we shortly explain the device structures and the 
mobility calculation method. The C60-based OTFTs were fabricated on heavily p doped Si (100) 
substrates with 200-nm-thick thermal oxide (SiO2) on the surface. DIP with thickness of 3 nm 
was firstly vacuum deposited on the SiO2 at a deposition rate of 0.1nm/s. Then 30-nm-thick C60 
was deposited on the top of DIP at a deposition rate of 0.1nm/s. C60 films directly deposited on 
the SiO2 or on HDMS modified SiO2 were also prepared as references. Finally, the C60-based 
OTFTs with channel width (W) = 750 μm and channel length (L) = 50 μm were fabricated by 
depositing the Cu top electrodes, as shown on Figure 4.2.0(b). The device structure of the C60-
based OTFTs with or without DIP template layer is illustrated in Figure 4.2.0.  μn is calculated 
from the saturation region based on the following equation: 
 
2
n ( )2
ds gs T
CWI V V
L
= −μ
 
Figure 4.2.0 (a) Schematic transistors based on C60 films with channel length of 50μm. (b) Top view 
of C60 –based transistors with different channel length. 
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where C is the dielectric capacitance per unit area, Vgs is the gate bias and VT is the threshold 
voltage. As for the influence of template DIP layers for calculating the electron mobility in C60 
films, this 3nm DIP layers could be ignored due to the compensation factors S is ~1. Since DIP 
template can be regarded as a part of the dielectric layer with the dielectric permittivity of ~4 
(assumed according to pentacene[28]), the compensation factor S could be given by 
 S=C /C =1/(1+ )d DIPd DIP d
DIP d
d
d
ε
ε+
×   
where dDIP and dd are the thicknesses of the DIP and SiO2 dielectric layers respectively. εDIP and 
εd are the dielectric constants of the DIP and SiO2, respectively. As the εd of SiO2 is 3.9, which 
 
Figure 4.2.1 Bidirectional transfer characteristics of two C60-based OTFTs (with/o DIP template 
layer and HMDS modified) at Vds = 40 V, where Vgs-Ids1/2 plots are also shown. 
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is similar to dεDIP, the compensation factor S is mainly determined by dDIP /dd to result in ~1, 
since dd ≫ dDIP. 
The bidirectional Vgs-Ids transfer characteristics at a constant drain bias (Vds) of 40 V with 
the Vgs sweep rate of 0.2 V/s are shown in Figure 4.2.1. In Figure 4.2.1, the OTFT without DIP 
layer shows common n-type transistor behavior with relatively low μn of 0.21 cm2V-1s-1. In 
contrast, upon inserting a template DIP layer between SiO2 and C60, high μn of 2.92 cm2V-1s-1 
is achieved, which is one order of magnitude higher than the reference device without DIP. 
Even compared with C60 grown on hexamethyldisilazane (HMDS)-modified SiO2 substrate, 
which is about 0.32 cm2/Vs, more than 8 times higher μn is still achieved. Considering the poor 
electron mobility in the DIP layer, which is only 0.1 cm2/Vs[30], the drain-source current (Ids) 
mostly flows in the C60 layer. Moreover, the higher increased mobility of C60 by using DIP 
template layer cannot be explained only from the common thought of SiO2 surface trap states 
passivating, because passivating the trap states on SiO2 only could reduce the background 
current (Ids at negative bias region), which has been confirmed from results of  C60 on HMDS 
modified SiO2. In addition, the threshold voltage VT is reduced from 17 V to 5 V when using 
the DIP template layer, which is derived from the Vgs-Ids1/2 curves in the high Vgs region as 
shown in Figure 4.2.1. The Ids ON/OFF ratio is 4×105 for the DIP template OTFT in contrast to 
3×104 for the DIP-free one. All device parameters are summarized in Table 4.2.1. Moreover, 
as demonstrated in Figure 4.2.1, the sub-threshold swing slope for the DIP-template OTFT is 
much larger than that for the DIP-free one. This indicates the much lower density of electron 
trap states in the case of using DIP template layer, which is also fully consistent with the UPS 
results (as demonstrated in chapter 4.4). 
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Table 4.2.1 Summarized parameters of C60 transistors with and without DIP template layer. 
(aThe average mobilities with standard deviation were calculated from the results from 6 
OTFTs. )  
 
Transistors μn a/ cm2V-1s-1 ION/IOFF VT / V 
C60 with DIP 2.62±0.32 4×105 5 
C60 on HMDS 0.32±0.10 1×106 8 
C60 without DIP 
(bare SiO2) 
0.21±0.10 3×104 17 
  
Output characteristics of the C60-based OTFT with/o DIP layer are shown in Figure 4.2.2. 
In both cases with/o DIP modification, Vds–Ids curves clearly depicts the typical transistor output 
behavior, with discrimination between linear and saturation region can clearly be seen with the 
help of the dashed line which shows the relation Vd = Vg. Moreover, a good ohmic contact 
behavior in the low Vds region and excellent Ids saturation in the high Vds region are also 
demonstrated. 
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Figure 4.2.2 Output characteristics of a DIP-template C60-based OTFT. 
 
 
Figure 4.2.3 Air exposure effects on bidirectional transfer characteristics of C60 OTFTs with (a) and 
without (b) DIP template layer. The exposure was performed with 1-atm air for 1 hour.   Vds = 40 V 
for all measurements. 
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After measuring in the vacuum, transistors (with/o DIP) are exposed to air for about one 
hour and then measured again under the vacuum in order to investigate the stability of these 
devices. Figure 4.2.3 shows bidirectional Vg-Id  characteristics of two C60 films (with/o DIP 
template layer) at a constant drain voltage (Vds) of 40 V before and after air exposure. After 
short time (~1hour) air exposure, for the OTFT without DIP layer, there is no more field-effect 
characteristics, indicating a complete degradation of the device. For the DIP template C60 OTFT, 
however, μn decreases from 2.9 cm2V-1s-1 to 1.9 cm2V-1s-1 and still shows a very high μn even 
after air exposure. The results demonstrated here at least partially indicate that the DIP 
monolayer can improve not only the electron mobility in the C60, but also the device stability 
upon short time air exposure. 
Operational stability of the C60-based OTFTs with and without DIP template layer under 
the vacuum without exposure to air is also studied. Figure 4.2.4 shows the with/o normalized 
drain current as a function of time with bias stress of 40V gate bias and 3V drain bias under a 
vacuum pressure of 10-4Pa. The C60 OTFT without DIP shows very rapid reduction of the drain 
current down to ~2% of the original current after 104 seconds, while the DIP-template C60 OTFT 
shows much higher stability with more than ~40-times improvement. Even after 104 seconds, 
the DIP-template C60 can still show half of the original drain current.   
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4.3 Morphological and Structural Investigation 
The surface morphology of C60 deposited on SiO2 and on DIP/SiO2 is characterized by 
atomic force microscopy, in order to understand the origin of the improved μn of C60 in the 
presence of under layer DIP, and the results are shown in Figure 4.3.0.  C60 films directly 
deposited on SiO2 show smaller grain sizes with a root mean square (RMS) roughness of 0.91 
nm (Figure 4.3.0a). On the other hand the grain size of C60 films deposited on DIP/SiO2 is 
increased to the RMS roughness of 1.31 nm (Figure 4.3.0b). On the inset of Figure 4.3.0, AFM 
line scans of the both samples are presented. Clearly, the C60 grain sizes are significantly larger 
on the DIP template as indicated by the distance between two deeper adjacent gaps marked by 
the red arrows in the line scans. 
 
Figure 4.2.4 Drain current in C60 based OTFTs with/o DIP template layer versus time taken at a 
gate and a drain voltage of 40 V and 3V, respectively. The initial drain current was normalized to 1 
(b). The bias stress measurements were performed under the vacuum condition. 
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Detailed and clearer evidence of the increased grain size of C60 and its related ordered 
structure are observed from thickness dependent in-plane GIXD measurements during C60 
evaporation. GIXD data from C60 films grown on SiO2 and DIP/SiO2 are shown in Figure 4.3.1. 
At the bottom of each image, a GIXD scan at the final thickness (15 nm) is shown with peak 
assignments. In addition to a remarkable improvement of the C60 crystallinity on DIP/SiO2 is 
seen from GIXD peak widths; note that peak assignments for both samples are different. This 
confirms that the C60 grains on DIP/SiO2 are nearly completely oriented with the (111) plane 
parallel to the substrate surface in contrast to the randomly oriented C60 grains on SiO2 as 
reported previously. [23] To a small degree, randomly oriented grains exist also in the C60 on 
DIP/SiO2 as denoted by the (111)* reflection in Figure 4.3.1b. From the peak widths at each 
thickness, the corresponding in-plane coherent island sizes ls of both C60 films are calculated, 
and the results are shown in Figure 4.3.2. It is clearly seen that even in the monolayer region (~ 
 
Figure 4.3.0 AFM images (3 μm ×3 μm) of C60 films grown on (a) SiO2 and (b) DIP/SiO2. Inset in 
each figure shows line shape morphology along the black line. 
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0.8 nm) ls of C60 on DIP/SiO2 is significantly larger than the ls of C60 on SiO2. This observation 
 
 
Figure 4.3.1. Thickness dependent in-plane GIXD data from C60 films grown on (a) SiO2 and (b) 
DIP/SiO2. At the bottom of each image a GIXD scan at the final thickness (15 nm) with peak 
assignments are shown. Note that peak assignments for both samples vary, since in contrast to the 
randomly oriented C60 grains on SiO2 the C60 grains on DIP are textured to (111) orientation. [23] 
Randomly oriented grains exist very slightly also in the C60 on DIP as denoted by the (111)* 
reflection in b). 
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demonstrates that the crystallinity improvement of C60 is present from the very beginning of 
the film growth.  For C60 thicknesses above 5 nm (~4 monolayers), the difference in ls between 
both films stays nearly constant. Because of these observations, the superior performance of the 
DIP-template C60 OTFT is attributed at least to the increased crystallinity and (111) orientation 
of the C60 film on DIP, which is in favor of the electron transport in the C60 channel. [27] 
 
4.4 Gap states measurement by UPS 
The charge trap states are directly related to the band gap states produced mainly 
imperfectness of molecular packing structure. As pointed out previously, [23] inserting a DIP 
template layer can reduce the density of gap states (DOGS) in the C60 film to result in a 
movement of the Fermi level (EF) in the gap because of increased crystallinity of the C60 film 
structure. There are two major contributions of DOGS to the electrical conductivity: (i) 
 
Figure 4.3.2. In-plane coherent island sizes ls derived from the real-time GIXD data in figure 4.3.2. 
The vertical broken line indicates the nominal thickness of one complete C60 layer. 
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contribution to the charge carrier concentration by change in the carrier injection through the 
interface (the energy level alignment issue) and (ii) contribution to the mobility by charge 
carrier trapping. Both of these depend on DOGS, which is mainly due to tailing of the lowest 
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) states 
into the band gap regions.[23, 29, 31-34]  These DOGSs appear in principle through similar 
mechanism with same tendency, but their values and energy distributions are not the same, 
respectively, because of the different spatial spreads of HOMO and LUMO [35] and different 
degeneracies of these states [32]. Figure 4.4.0 demonstrates the trap states (or gap states) 
 
 
Figure 4.4.0 Illustration of the trap (gap) states considered in the INDO calculations, from reference 
[35]. 
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formation in pentacene due to the mismatch of two pentacene molecules. In this Figure, the 
same tendency of trap states related to HOMO (holes) and LUMO (electrons) is also indicated. 
Depending on the deference of these DOGSs, the EF may be located closer to the pristine 
LUMO or HOMO band, hence the transport type (p-, or n-type) is recognized by either high 
density of occupied gap states above HOMO (hole traps) or high density of unoccupied gap 
states below LUMO (electron traps). Thus quantitative measurements of DOGS of the C60 film 
with and without DIP template layer are indispensable to directly correlate the mobility, 
structure and electronic states. Ultrahigh-sensitivity UPS is herein utilized to probe 
quantitatively the trap states (DOGS) above the HOMO of C60, which is directly related to 
examine existence of the density of electron trap states below the LUMO.   
 
Figure 4.4.1 Full spectra of (~15nm) C60 films with measured by Xe Iα UPS. Two different 
substrates are used for C60 deposition: one is the bare SiO2 substrate, and the other is 3nm DIP 
modified SiO2 substrate. 
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Figure 4.4.1 depicts the full Xe Iα UPS spectra of C60 films on two different substrates 
with plotting on linear scale. Since the Xe Iα energy is 8.437 eV, the spectra of C60 films on 
HOMO region could be only observed. Compared to spectrum of C60 directly deposited on SiO2 
substrate, we can observe the spectrum of C60 on DIP/SiO2 shifts to higher binding energy with 
the value of 0.15 eV. Since the LUMO level shifts together with HOMO level, which means it 
moves closer to the Fermi level, a favorable electron injection behavior in C60 films (with 
modified by template DIP ) can be expected. More clear details of C60 HOMO region with 
depicting on log scale are in Figure 4.4.2. Figure 4.4.2 shows the Xe I UPS spectra of the C60 
films (~15 nm) on SiO2 and DIP/SiO2. The background spectra of SiO2 and DIP/SiO2 are also 
shown as reference, since UPS spectra with Xe I radiation includes both the signals from C60 
as well as from the substrate due to large electron mean free path. [29, 33] The UPS spectrum of 
C60/SiO2 clearly shows trap states at a binding energy of 0.8-1.7 eV (the HOMO peak of C60 is 
located at 2.6 eV). After 3-nm-thick DIP modification of SiO2, the HOMO spectrum of C60 
shifts to higher binding energies (at 2.75 eV), indicating the EF moves closer to the LUMO as 
observed previously.[23] This EF shift suggests rapider decrease in the contribution of LUMO 
(3-hold degeneracies)-originated gap states than that of  HOMO (5-hold degeneracies)-
originated gap states. Furthermore an apparent decrease in the HOMO-related gap states can be 
seen in the spectrum of C60 on DIP/SiO2. These results on the HOMO position and the DOGS 
demonstrate that the DIP-template layer can reduce significantly the density of trap states in the 
C60 film both for occupied and unoccupied states. Considering the existing trap states in organic 
films, which originally due to tiny disorder in both crystal-grains and their boundaries [29], the 
DIP-template layer acts for increasing C60 crystallinity and orientation of crystal grains, and 
thus for dramatic decrease in trap states in C60 films.  
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The gas exposed experiments are also studied by utilizing Xe Iα UPS. Figure 4.4.3 shows 
Xe I UPS spectra on log-intensity scale for HOMO and band gap region of (a) C60 (~20nm) / 
DIP (3nm) on SiO2 substrate, (b) C60 (~20nm) on SiO2 substrate before and after final 1-hour 
(1h) air exposure (after 1h N2, 1h O2 and 1h air exposure; 3h exposure in total). The background 
spectra of DIP/SiO2 and SiO2 are also shown as references, since UPS spectra with Xe Iα 
radiation include both the electron signals from C60 as well as from the substrate due to large 
electron mean free path.  In Figure 4.4.3 (a) and (b), firstly we see that C60 films HOMO spectra 
 
Figure 4.4.2. Xe Iα UPS log scale spectra of the C60/ (~15nm)/SiO2 and C60 (~15nm)/ DIP 
(~3nm)/SiO2 thin films in C60-HOMO binding energy region. The background of the SiO2 and DIP 
modified SiO2 substrates (dark cyan color) are also shown. Due to a tiny electron exchange and/or 
the molecular polarization at the interface, [37] the DIP spectrum was shifted by 0.39 eV to lower 
binding energy side to fit the DIP background of C60/DIP/SiO2 spectra. Both the DIP/SiO2 and SiO2 
spectra were rescaled in order to fit the background of C60 spectra. 
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showed obvious shift after air exposure, with 0.35 eV for the C60 film on DIP template layer 
and 0.26 eV for the C60-only film, which implies that gas exposure strongly affect the energy 
level alignment to result in increasing in electron injection barrier height for both films.  
Secondly C60-HOMO bandwidth of the C60-only films (Fig. 4.4.3(b)) increases more than that 
of the DIP template C60 film (Fig. 4.4.3(a)).  Moreover we observe clear increase in density of 
gap states (DOGS) in the C60-only film (see binding energy region indicated by vertical arrow 
in Fig4.4.3 (b)).  In Fig. 4.4.4 (a), on the other hand, negligible increase in corresponding DOGS 
is revealed after fitting the DIP background spectra.  Moreover, it is convinced from Fig.4.4.3 
that for C60 film directly deposited on SiO2, HOMO broadening and related increase in DOGS 
near the right edge of HOMO (HOMO tailing) are found.  As such DOGS in C60 films can 
originate from disorder in C60 films, we also expect unoccupied DOGS near LUMO.  Thus the 
gas-exposure induced increase in HOMO-related DOGS indicates that there must be also 
similar increase in LUMO-related DOGS.  Such LUMO-related gap states, which are increased 
by air exposure, act as electron traps and lead to observed rapid decrease in electron mobility 
in the C60-only film, while the C60 film on DIP template layer consists of (111) oriented large 
C60 grains with much less disorder thus less electron trapping states.  The HOMO level shift of 
C60 films on DIP layers mainly due to the template DIP layers, which could easily exhibit 
increased gap states after air exposure, as show on the inset of Figure 4.4.3a. More spectra of 
different gas exposed results are also added on the appendix files. 
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Figure 4.4.3. Xe I UPS spectra of (a) C60 (~20nm) / DIP (3nm) on SiO2 substrate and (b) C60 (~20nm) 
on SiO2 with/o gas exposures (after 1-atm N2 for 1 hour, 1-atm O2 for 1 hour and 1-atm air for 1 
hour). The UPS spectra are also aligned at the HOMO peak position of air-exposed C60 film to 
evaluate the impact of the gas exposures on C60 HOMO bandwidth and gap states. The increased 
HOMO tailing (gap states) of C60 film in figure (b) is marked by vertical arrow. Inset of figure (a) 
is the DIP films before and after 1 hour-air exposure. 
 
70 
 
Chapter 4 Interface optimization using DIP for C60 thin film 
4.5 Summary 
In chapter 4.2, we demonstrate a dramatic μn improvement by using ultrathin 
diindenoperylene (DIP) as a template layer in C60-based OTFTs. Electron mobility in the DIP-
template C60 film can be as high as 2.9 cm2V-1s-1, which is more than tenfold higher than the 
reference device without a DIP template layer. The enhanced stability is also found for the DIP-
template C60 OTFTs upon air exposure. The increased operational stability is also revealed 
under vacuum condition measurement. In chapter 4.3, we investigate the morphology and 
molecular packing structure of C60 films by using AFM and GIXD methods.  The results clearly 
show DIP template layer could increase the grain size of C60 films with more than 3 times, 
which imply DIP layer works not only as passivation to SiO2 substrate. This increased 
crystalline of C60 plays important role on improving electron mobility in C60-based transistors. 
In chapter 4.4, electronic structure of C60 films on different substrates are studied by using 
ultrahigh sensitivity Xenon UPS. The results clear demonstrate the decreased trap (gap) states 
of C60 films after inserting DIP as a template layer. Moreover, gas exposed experimental results 
also reveal the disordering of C60 films by gas exposure could be reduced by using DIP layer, 
which lead to the improved device stability. The controlling of film structure by using DIP 
could easily reduce the gap states in C60 films by improving structure ordering. 
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Appendix 
The gas exposed Xe Iα UPS results on HOMO region of C60/DIP on SiO2 (a), C60 on SiO2 (b) 
and DIP on SiO2 (c) are demonstrated below to show the gap states affected by continuous 1-
atm pure N2, pure O2 and air exposure. 
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5.1 Overview 
The rapid development in organic semiconductors [1-9] during the last few decades have 
already promoted the achievement of larger-scale, low cost and flexible optoelectronics. To 
realize the further ultimate device performance, understanding the energy level alignment at 
Organic/Organic (and Organic/metal) interface is one of the key issues to control hole (or 
electron) injection and transport in organic thin films. Several models have been proposed to 
reveal the origin on determining the energy level alignment. For example, the integer charge 
transfer model suggests that single polaron state induced by electron transferring should be 
observed while the work function of substrate is higher (or lower) than HOMO (or LUMO) of 
organic films [10]. On the other hand, gap states in organic thin films which are originated from 
structure defects [11, 12] and impurities [13, 14] suggest the Fermi level position in the energy gap 
of organic films is determined by these density of gap states, i.e., the Fermi level will be located 
at the position near the HOMO if the work function of the substrate is higher than the ionization 
potential [15, 16]. Therefore, it is commonly used that by inserting thin films with high work 
function (i.e. transition metal oxides [18]) between anode and hole transporting layers, the drive 
voltage of devices could dramatic decrease because of the reduced hole injection barriers. These 
high work function materials also could be used in tandem optoelectronics as an intermediate 
connector to realize charge generation and separation (or charges combination) [17, 18]. It is 
widely studied that charge generation efficiency is governed by the offset on the energy level 
alignment at the interface [19, 20]. However, the electronic structure of organic intermediate 
connectors especially at directly contacted surface still under debating [19, 15]. 
76 
 
Chapter 5 Gap states affected energy level alignment at an α-NPD /HAT(CN)6  interface 
In this chapter, the electronic structure of organic charge generation layer, which consists 
of hexaazatriphenylene−hexacarbonitrile (HAT(CN)6) (high work function material) and hole 
transport material N,N-bis(1-naphthyl)-N,N-diphenyl-1,1-biphenyl-4 ,4-diamine (α-NPD), is 
studied from α-NPD thickness dependent experiments by measuring ultraviolet and X-ray 
photoemission spectroscopy (UPS and XPS). The observed decrease in the vacuum level 
(~0.5eV shift) and the Fermi level pinning at the α-NPD HOMO edge demonstrate that gap 
states tailed from the HOMO of α-NPD govern energy level alignment between HAT(CN)6 and 
α-NPD at the interface region (α-NPD thickness range < ~1.6nm). These gap states dramatically 
reduce the charge injection barrier and result in favorable injection of electrons from HOMO 
  
Figure 5.2.0  He Iα UPS spectra of thickness dependence HAT(CN)6 on clean ITO substrate by 
using Karatos AXIS system . 
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region of α-NPD into LUMO region of HAT(CN)6 films upon bias operation. Above 1.6nm-
thick α-NPD, 0.6-eV HOMO band bending is observed with increase in α-NPD film thickness. 
5.2 Electronic structure at the interface 
The electronic structure of HAT(CN)6 on clean ITO with thickness dependence of  
HAT(CN)6 films is measured by UPS, as shown in Figure 5.2.0. With increased thickness of 
HAT(CN)6 from 0 to 15nm, the cutoff progressively shifts to the lower binding energy and the 
changed value is 1.5 eV. After 15nm-thick HAT(CN)6 on ITO, the work function of ITO 
saturates and the value increases from 4.1 eV to 5.6 eV. However, the HOMO peak of 
HAT(CN)6 cannot be seen while the thickness of HAT(CN)6 is below 0.8nm. After continuously 
deposited HAT(CN)6 thickness is more than 0.8nm, HOMO peak of HAT(CN)6 starts to appear 
and finally locate at 4.6 eV. HOMO onset of 15nm-thick HAT(CN)6 on ITO substrate is 3.7 eV, 
with the IP of 9.2 eV, indicates the tilted standing up face [22]. 
The evolution of the UPS spectra with α-NPD on 15nm HAT(CN)6  as a function of α-
NPD thickness from 0 to 15nm are shown in Figure 5.2.1 for the second electron cut off ( SECO) 
region ( figure 5.2.1 (a)), valance band region (figure 5.2.1 (b)) and HOMO region (figure 5.2.1 
(c)). With the increased thickness of α-NPD from 0.2nm to 15nm, the SECO progressively 
shifts to higher binding energy from 15.6 eV to 16.7 eV, as shown in Figure 5.2.1 (a). However, 
the HOMO onset of α-NPD shows two different features in Figure 5.2.1(c). Below the thickness 
of 1.6nm α-NPD (region (i)), α-NPD HOMO onset stays unchanged at the position of binding 
energy of 0.3 eV. Above the thickness of 1.6 nm α-NPD (region (ii)), the HOMO onset starts 
to gradually move to the higher binding energy and finally saturates at 0.9 eV, which clearly 
demonstrates band bending behavior. The same shifts could also be found on valance band 
region of other α-NPD valence peaks in Figure 5.2.1 (b), i.e. HOMO-3 (marked with red arrow). 
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The threshold ionization potential (IPth) of 15nm-thick α-NPD films is 5.4 eV, similar to other 
published results [21]. 
 
 
Figure 5.2.2 shows XPS spectra of (a) C 1s and (b) N 1s with the thickness dependence of 
α-NPD films on 15nm HAT(CN)6 on ITO substrates. In figure 2 (a), C 1s peaks from two 
different molecule can be easily distinguished, the peak position in 287.2 eV is assigned to 
HAT(CN)6 [23], and peak position in lower binding energy at 284.4 eV (for 15nm α-NPD ) is 
from α-NPD [24]. N 1s spectra in Figure 5.2.2 (b) also show clear two different spices. N 1s peak 
at 400.3 eV, which includes two N 1s component [22], is from HAT(CN)6 molecule; and the 
 
Figure 5.2.1 He Iα UPS spectra of thickness dependence α-NPD on 15nm-thick HAT(CN)6 on clean 
ITO substrate by Karatos AXIS system.  (a) Cutoff region; (b) Valance band region; (c) HOMO 
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peak position at 399.6 eV is from α-NPD molecule [25]. Moreover, in Figure 5.2.2, no obvious 
new peaks due to the chemical interaction between the two molecules are found, imply the weak 
interaction at this organic-organic interface.  With increased α-NPD deposition, the intensity of 
C 1s and N 1s from HAT(CN)6 are attenuated gradually without the shift of peak positions. The 
calculated electron mean free path (λmfp) could be estimated to be 0.34 nm by using the idea 
model of intensity of photoemission signal related to the layer growth films: IC1s=I0×exp (-
xd/λmfp). On the contrary, C 1s peaks from α-NPD molecule at lower binding energy (between 
283 eV and 286 eV) clearly demonstrate the two different changes. Below α-NPD thickness of 
1.6 nm, C 1s peak is nearly pinned at the position of 284.0 eV. With thickness of α-NPD more 
than 1.6nm, the progressively shift to higher binding energy of C 1s is shown, which moves 
from 284.0 eV to 284.4 eV. 
Figure 5.2.3 summarizes the thickness dependence of α-NPD films on energy positions 
shift of the vacuum level, HOMO onset position, HOMO peak position (figure5.2.3 (a)), C 1s 
(figure 5.2.3 (b)), and threshold ionization potential (figure 5.2.3 (c)) derived from figure 5.2.1 
and figure 5.2.2. As shown in figure 5.2.3 (a), the vacuum level continuously shifts from 5.6eV 
(0nm-thick α-NPD) to final saturated 4.5 eV (15nm-thick α-NPD) with total changes of 1.1 eV.  
The changes of HOMO onset, and HOMO peak could be divided into two regions (i) and (ii). 
Region (i) represents nearly pinned HOMO onset and HOMO peak positions with α-NPD 
thickness less than 1.6nm. In this region, the threshold ionization potential of α-NPD is 
continuously decreased from 5.9 eV (0.2nm α-NPD) to 5.4 eV (1.6nm α-NPD), as shown in 
figure 5.2.3 (c). The C 1s peak positions also show the pinned behavior as in figure 5.2.3 (b). 
However, with more than 1.6nm-thick α-NPD deposition (in region (ii)), band bending on 
HOMO onset and HOMO peak starts to exhibit with the total downward shift of 0.6 eV. The 
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core level C 1s peaks also show downward shift of 0.4 eV in figure 5.2.3 (b). Moreover, the 
 
Figure 5.2.2 XPS spectra of (a) C 1s and (b) N 1s with increased thickness α-NPD thin films 
deposited on 15nm-thick HATCN films by Karatos AXIS system. 
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threshold ionization potential of α-NPD is kept at constant value of 5.4 eV, as shown in figure 
5.2.3 (c). 
 
 
 
Figure 5.2.3 HOMO onset position, HOMO peak position and vacuum level derived from Figure 1 
are summarized. In addition, C 1s peak position and the ionization potential (derived from work 
function and HOMO onset) of α-NPD films are also displayed. 
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To better understand the Fermi level pinning at the α-NPD thickness region (i)  (below 1.6 
nm), the HOMO spectra of the thickness of 0.2nm and 0.8nm are plotted on log-intensity scale 
in Figure 5.2.4 after subtracting contributions of electrons excited by He Iβ, where the result of 
15nm-thick α-NPD (region (ii)) is also shown as a reference. As clearly seen, the HOMO edges 
(from log scale in α-NPD energy gap region) of 0.2-nm and 0.8-nm films are located closer to 
the Fermi level than 15-nm film. Furthermore the linear part of the HOMO tailing of the 0.2-
 
 
Figure 5.2.4 The HOMO spectra of α-NPD with thickness of 0.2nm, 0.8nm and 15nm are plotted 
on log-scale after subtracting the He Iβ background. The spectra are measured by Karatos AXIS 
system. 
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nm and 0.8-nm films is reaching the Fermi level, which directly confirm that the density of gap 
states at α-NPD HOMO region prevents further moving of the Fermi level to the HOMO to 
result in the pinning-like phenomenon in the organic-organic heterojunction region.  
Considering  (i) the electron affinity (EA) of the 15-nm-thick HAT(CN)6  is larger than 4.9 eV 
and (ii) the presently observed decrease in the vacuum level (0.5 eV) upon deposition of the 
1.6-nm α-NPD, we here use a widely accepted value of EA~5.4 eV for the HAT(CN)6 [19,27], 
which is the same to the value of IPth of α-NPD (5.4 eV).  Due to the (nearly) same values of 
the EA of the HAT(CN)6 and IPth of α-NPD  spontaneous electron transfer is expected upon 
contact of α-NPD and HAT(CN)6 in order to achieve thermodynamic equilibrium of the 
electron system. Electrons initially transfer from the gap states near α-NPD HOMO to 
unoccupied gap states (LUMO tail) of the HAT(CN)6 underlayer, resulting finally in quasi-
pinning of the Fermi level in the HOMO tail of α-NPD (HOMO-edge pinning). For thicker α-
NPD films, weaker electron transfer from the gap states located apart more from the α-
NPD/HAT(CN)6 interface is necessary to achieve the thermodynamic equilibrium and a HOMO 
band bending appears. Finally, the saturation of HOMO band bending position should be found, 
as demonstrated in Figure 5.2.4, where the HOMO of the 15-nm α-NPD is located at higher 
binding energy than thinner films, since gap states distributed closer to the Fermi level are still 
occupied by electrons. 
5.3 Gap states controlled energy level alignment 
The energy diagram of α-NPD on HAT(CN)6/ITO  is depicted in Figure 5.3.0, by using 
the results from UPS and XPS. The HOMO level and vacuum level are extracted from the 
HOMO onset and SECO cutoff in UPS results, respectively. The LUMO position of α-NPD is  
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given by using the charge transport gap of 4.0 eV [26]. As depicted in Figure 5, the α-NPD 
HOMO pinning phenomena, which is controlled by gap states, occurs only near the interface 
(<1.6nm, in region (i)) with the HOMO onset position located at 0.3 eV below the Fermi level. 
The surface dipole induced by the spontaneous electron transfer is also shown in region (i) with 
its contribution to the energy-level shift (∆) of 0.5 eV. The constant ionization potential of α-
NPD films over the thickness of 1.6nm (in region (ii)) with exhibiting HOMO band bending 
behavior is observed, indicating weaker charge transfer from the upper gap states to the 
underlying HAT(CN)6 film to gradually achieve thermodynamic equilibrium [25]. Upon the bias 
 
 
 
Figure 5.3.0 Schematic energy level diagram of α-NPD/HAT(CN)6 on ITO substrate. All the values 
are shown in the units of electron volt. Electron (●) and hole (○) generation process at the contact 
surface is also shown. 
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operation in tandem OLED, electrons from HOMO region of α-NPD could be initially easily 
injected to LUMO-derived unoccupied gap states of HAT(CN)6 due to even smaller energy 
offset at the HAT(CN)6/α-NPD interface region (region (i)) , and leave holes in the upper 
HOMO-tail region of  α-NPD, which then transport through band bending region in α-NPD 
film. Finally, these generated electrons and holes are consequently transport into the adjacent 
emission units to insure that the tandem devices work effectively. 
5.4 Summary 
We investigate the electronic structure of organic intermediate connectors of α-NPD on 
HAT(CN)6/ITO both by UPS and XPS. Energy diagram of α-NPD films deposited on 15nm 
HAT(CN)6  demonstrates two different features with thickness dependence. The HOMO onset 
of α-NPD pinned at 0.3 eV is obtained in region (i) (less than 1.6nm-thick α-NPD) due to 
existence of gap states near α-NPD HOMO region, indicates the domination of energy level 
alignment by gap states. Electrons could be easily injected into the LUMO of HAT(CN)6 from 
α-NPD HOMO region at the HOMO pinned layer via bias operation. Band bending-like 
behavior is also obtained in α-NPD films with the deposition thickness over 1.6 nm (at region 
(ii)), which is consistently helpful for generated holes to transport through the film.   
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6.1 Overview 
Gap states in organic semiconductors, which play a crucial role in determining energy-level 
alignment and related charge transport properties in devices, are well studied and demonstrated 
in chapter 4 and chapter 5. The origin of gap states is also revealed by F. Bussolotti et.al using 
study of experiments on inert gas (N2) exposed pentacene thin films [1]. What they found is that 
disordering in the pentacene films increases strongly with the gas exposure and results in the 
increase in density of gap states. In order to further improve the device performance, reduction 
of those gap states in thin films is necessary.  Doping is a well-known method to passivate these 
gap states. A typical example has been demonstrated by Kahn’s group, where the conductivity 
of C60 films is effectively improved by ultralow doping of [RuCp*(mes)]2 [2]. Filling/passivating 
electron trap centers below LUMO level can dramatically increase the conductivity of C60 films 
by 3 order of magnitude.  
Since the electron trap centers exist below LUMO level, hole trap centers (gap states for 
holes) should also be found above HOMO level. These holes trap centers above HOMO level 
can easily limit transport efficiency through trapping holes during bias operation. However, 
reduction of hole trap centers in the bulks by p type doping has not been systematically studied 
[3, 4]. In organic doping system, dopant is usually used as electron acceptor (or donor) through 
intermolecular charge transfer process to accept (or give) electrons from (to) host molecules in 
order to realize in the increase of hole (or electron) concentration [5]. However, this charge-
transfer-induced singly occupied state is expected to be located at the Fermi level, which has 
never been observed from UPS spectra. Moreover, the saturation of doping efficiency with high 
doping ratios is always observed in organics semiconductors [6, 7]. These differences, which can 
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not be explained by simply using inter charge transfer, recently lead to question on this inter 
charge transfer process in organic-organic doping systems. 
In this chapter, we carefully investigate the electronic structure of p type dopant of 
HAT(CN)6 into amorphous α-NPD films both from photoemission spectroscopy and DFT 
calculations. The molecular ratio# of HAT(CN)6 changes from 10-3 (ultralow) to 0.6 (heavy). 
We observe a shift of HOMO position to the Fermi level rapidly in the ultralow doping ratios 
and slowly in the middle doping ratios. These two types of changes directly indicate that the 
dopant passivates hole trap centers in α-NPD films. In heavy doping region, the increased IP of 
films is observed. IP starts from 5.4 ev (pure α-NPD), increases with doping and reaches to 5.9 
eV (heavily doped α-NPD). Considering α-NPD films are uniform amorphous, this increased 
IP cannot be explained from molecular orientation issue. By combining with DFT calculations 
on HAT(CN)6-α-NPD dimer and HOMO, LUMO energy position of films, we conclude the 
orbital hybridization between HOMO of α-NPD and LUMO of HAT(CN)6 is formed, leading 
to the orbitals split into new bonding state and antibonding state. This new bonding state with 
its energy position located at ~0.54 eV below the Fermi level controls the doping efficiency in 
organic thin films.  
 
6.2 Electronic states in pristine and doped α-NPD amorphous films 
Figure 6.2.0 depicts the He Iα UPS spectra of 15nm-thick α-NPD films on SiO2/Si substrates 
with different molecular ratios (MR) of HAT(CN)6 dopant. The left panel of Figure 6.2.0 shows 
that the work function of α-NPD films changes from 4.1 eV to 5.4 eV with increase in  
HAT(CN)6 dopants. The work function of pristine HAT(CN)6 is also plotted as a reference, 
with the value of 5.5 eV. The right panel of Figure 6.2.0 demonstrates HOMO peak position 
# Molecular ratio is defined as the number ratio of HAT(CN)6 molecules with respect to the total molecules.  
 90 
Chapter 6 HAT(CN)6 doping in amorphous α-NPD films 
progressively shift towards the Fermi level, and the HOMO onset changes from 1.36 eV to 0.55 
eV with increase in doping ratios of HAT(CN)6, indicating a typical p type doping behavior. 
Moreover, a distinguishable relative intensity change of the HOMO peak relative to HOMO-1 
peak is observed, where HOMO-1 peak intensity is stronger than the HOMO peak for pristine 
α-NPD and decreases to nearly the same intensity as HOMO peak at higher doping ratios#. 
Furthermore, HOMO tail near the threshold increases with the HAT(CN)6 doping. 
 
The spectra of HOMO region plotted on log intensity scale, are shown in Figure 6.2.1. Since 
He Iα source is monochrodized in our lab, there are nearly no He Iβ satellite signals in the He 
 
Figure 6.2.0 He Iα UPS spectra of pristine α-NPD film and HAT(CN)6 doped α-NPD film with 
different molecular ratios. The left panel shows the second electron cut off (SECO) region and the 
right panel shows HOMO region. 
 
# The HOMO onset of HAT(CN)6 is far away from the Fermi level, and there is nearly no feature below HOMO onset.  
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Iα UPS spectra. The radiation damages to the films during the measurement also have been 
carefully checked and could be excluded in this study. The confirmed damage free spectra are 
shown in the appendix. In Figure 6.2.1, the background above HOMO level are nearly flat 
(marked with red dash line) due to the lack of He Iβ influence. Furthermore, we can’t find any 
additional features above the HOMO tail edge and especially at the Fermi level position. The 
relative intensity changes of HOMO and HOMO-1 can be seen even more clearly. For pristine 
α-NPD films, the intensity of HOMO-1 is higher than HOMO peak. But for highly doped α-
NPD films, the peak intensity of HOMO-1 is nearly the same as HOMO peak. After doping of 
HAT(CN)6, the spectra shift to lower binding energy side. Once HAT(CN)6 doping ratio 
reaches to 0.5100, the HOMO position is not affected by further doping as confirmed by 
 
Figure 6.2.1 He Iα UPS spectra of different HAT(CN)6 ratios doped into α-NPD films exhibited on 
log scale intensity. The red dash line presents the background noise level; the back dash line presents 
the intensity at the HOMO onset position acquired on linear scale. 
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comparing the spectra at doping ratios of 0.6220. Comparsion with pristine α-NPD films, the 
progressive HOMO broadening can be identified (the normalized HOMO region spectra are 
plotted in the appendix). For instance, compared to pristine α-NPD films, full width at half 
maximum (FWHM) of doped α-NPD films (MR= 0.6220) is increased from 0.39 eV to 0.46 
eV (the fitted spectra are also shown in the appendix figure 6.5.3).  
The dependences of the work function, HOMO peak position and HOMO onset position on 
different doping molecular ratios are plotted in Figure 6.2.2a, where energies are measured from 
the Fermi level energy (EF=0 eV). The HOMO onset positions are extracted from HOMO 
region spectra in Figure 6.2. In Figure 6.2.2a, three different regions are clearly obtained 
according to slopes of doping dependences of the work functions, HOMO onsets and HOMO 
 
Figure 6.2.2 Change in work function, HOMO peak position and HOMO onset with respect to the 
Fermi level upon doping, deduced from the UPS spectra given in figure 6.2. Panel (a) is plotted on 
linear scale; (b) low doping region is plotted on log MR scale. 
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peaks. The break points are at the HAT(CN)6 MRs of ~0.01 and ~0.5, which thus divide the 
result into ultralow doping region (gray color, MR<0.01), middle region (yellow color, 
0.01≤MR≤0.5) and saturated region (blue color, MR≥0.5). In the ultralow doping region, the 
HOMO onset shifts rapidly towards to the Fermi level from -1.36 eV to -0.94 eV. The work 
function also shows changes with their values from 4.08 eV to 4.51 eV. In middle doping region, 
the slown change of HOMO is obtained, with a total HOMO onset change of 0.39eV. However, 
the work function changes much larger in the middle doping region with the value of 0.81 eV. 
When the molecular doping ratio is over 0.5, the pinning phenomena of HOMO onset and peak 
are observed. The HOMO onset position is nearly saturated at -0.55 eV.  
I.  Ultralow and low doping region 
The results obtained from ultralow doping region are also plotted on log scale and illustrated 
in Figure 6.2.2b. The slope changes clarifies the existence of passivation of hole traps after 
ultralow doping, which has also been predicted from passivation of electron traps in C60 films 
[2]. Considering that the carrier concentrations can be described by using the Fermi level 
position in energy gap of thick films, the following equation could be described: 
 00 F Fexp[(E E ) / T]
h
hp p k= × −                                               (1) 
0 ( ) (1 ( ))p g E f E dE
+∞
−∞
= × −∫  
,0 '( ) (1 ( ))h Hp MR N g E f E dEλ
+∞
−∞
≈ × × × × −∫  
where ph and p0, EFh and EF0 are carrier concentrations of the doped and initial α-NPD films 
and the Fermi level of doped and initial α-NPD films, respectively. k is the Boltzmann constant 
and T the temperature. The assumption of fully ionized dopants is used. For the doped films, 
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the unchanged molecular unit cell of α-NPD is assumed with simple replacement of HAT(CN)6. 
g(E) and g’(E) are the Gaussian distributions of HOMO of α-NPD films and dopant ; NH,0 is 
the holes density of states of α-NPD in organic semiconductors; f(E) is the Fermi-Dirac 
distribution. λ is the correction parameter after doping; 
According to equation (1), we can change it to the following equation: 
0
F F
0
E E T (ln )h hh
pk
p
φ∆ = − = ×                                                            (2) 
As confirmed from equation (2), the Fermi level changes in energy gap (in this case, EF change 
corresponds to the change in the hole injection barrier △Φh, which is represented by the 
observed HOMO shift) should be proportional to 
0
ln hp
p
. ph can be simply described by 
molecular doping ratios due to hp MR∝ . p0 is a constant value for pristine and ultralow doped 
α-NPD films. Thus, the relation between the change in HOMO positions and carrier 
concentration (△Φh and ph) may be represented from the HOMO-MR plotting, as illustrated in 
Figure 6.2.2. Without considering additional gap states in thin films, the change in HOMO 
position and onset position should change linearly under the log scale MR plotting. 
Upon HAT(CN)6 doping, the Fermi level starts to move from a position deep in the 
transport gap (-1.36 eV). At the initial stage of doping, the Fermi level shifts rapidly through 
the relative low density of deep gap states to give large slope for both work function and the 
HOMO (peak and onset) positions, because of doping increased holes carrier concentration 
passivate those deep low density of gap states (originate from hole trap centers). After those 
deep gap states are passivated, the change in the Fermi-level with doping becomes slow down 
to show a small slope, as obtained from the middle MR region in Figure 6.2.2b.  
II. Heavy doping region (mixed films) 
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With more increase in the molecular ratios of dopant (in saturated region), an expected 
continuous shift of HOMO of α-NPD films and the present of occupied density of states at 
Fermi level should be observed, under the assumption of inter charge transfer model. However, 
we only observe pinning-like phenomenon for the Fermi level after MR ~0.5. A clearer change 
of IP on doped films with respect to the HAT(CN)6 MR is illustrated in Figure 6.2.3. Inset of 
the figure shows the IP changes vs MR plotted on semi log scale. As reference, a pristine α-
NPD film exhibits ionization potential of 5.45±0.04 eV on native silicon oxide substrate, which 
is a typical value for amorphous α-NPD films [8]. During ultralow doping, the nearly constant 
IP is obtained as shown on the inset of Figure 6.2.3, which may be attributed to the less amount 
 
 
Figure 6.2.3 Changes in ionization potential of HAT(CN)6 doped into α-NPD films plotted against 
HAT(CN)6 MR. Inset of figure is IPs on log HAT(CN)6 MR scale, where the shadowed area 
corresponds to IP of pristine α-NPD films. 
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of HAT(CN)6 molecules in the films. Over the ultralow doping region, IP of the doped film 
exhibits nearly linear increase with MR before reaching the saturation at MR of ~0.5. For 
instance, at the HAT(CN)6 MR of 0.15 [HAT(CN)6: α-NPD≈1:6] film, a larger IP of 
5.61±0.04eV is exhibited. With further increase the HAT(CN)6 MR to 0.51 [HAT(CN)6: α-
NPD≈1:1], IP increases to 5.91±0.04 eV, and becomes to saturate at 5.92±0.04 eV even after 
the increase of HAT(CN)6 MR to 0.62 [HAT(CN)6: α-NPD≈2:1]. This increase in IP with 
heavily doped HAT(CN)6 directly indicates disagreement with  inter charge transfer in the 
mixed films. Moreover, considering amorphous characteristics of thermally deposited α-NPD 
films, dopant HAT(CN)6 cannot directly induce phase separation with a simple co-deposition, 
which has also been indirectly confirmed from AFM images by Gao et.al[9]. Their AFM images 
clearly demonstrate the morphology of pristine and HAT(CN)6 doped films have less difference 
in root mean square (RMS). 
 
6.3  DFT calculations  
To further understand phenomenon happens in the HAT(CN)6 -α-NPD films, the 
calculations based on DFTs[10] are utilized to compare the pristine films and MR ~0.5 mixed 
films. The calculated spectra for single α-NPD molecule and a HAT(CN)6 -α-NPD molecule 
are also depicted on Figure 6.3.0 with Gaussian broadening of 0.4 eV. Two calculated spectra 
are aligned to reach the same energy value on HOMO peak positions with those in measured 
spectra. Experimental UPS spectra of valence band region on pristine α-NPD and HAT(CN)6 :α-
NPD (~1:1) films are plotted. Here, the vacuum level is used as the origin of IP. Two 
experimental spectra clearly demonstrate the differences of the HOMO peaks intensity and 
peaks positions. In pristine α-NPD films, the HOMO peak position is located at 5.84 eV with 
energy difference of 0.46 eV compared to HOMO-1 peak. However, in HAT(CN)6 :α-NPD (1:1) 
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films, the HOMO peak position is located at 6.36 eV, and the energy difference between HOMO 
and HOMO-1 is 0.54 eV, which confirms orbital change after doping. On the other hand, for 
calculated spectra, increased IP of 0.44 eV (calculated values are not shown here) on 
HAT(CN)6 :α-NPD (1:1) is also obtained with comparison of single α-NPD molecule, which is 
consistent with the experimental result (0.45 eV). The energy level differences between HOMO 
and HOMO-1 of α-NPD and of HAT(CN)6 :α-NPD films can also be obtained from calculated 
results. In calculated spectra, the energy difference between HOMO and HOMO-1 for 
HAT(CN)6 :α-NPD (1:1) (△EHY) is 0.1 eV larger than the corresponding energy difference for 
  
Figure 6.3.0 He Iα UPS results of IP for α-NPD on SiOx (thick blue curve), and 1:1 doped (thick 
red curve) HAT(CN)6 :α-NPD films; binding energy is given with respect to Evac=0. The calculated 
spectra with Gaussian broadening of 0.4 eV are also plotted in the figure. 
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α-NPD molecule (△EHP), which is nearly the same with experimental values (0.08 eV, see the 
appendix figure 6.5.3). 
The calculated HOMO patterns of single α-NPD molecule and HAT(CN)6 :α-NPD (1:1) 
are shown in Figure 6.3.1. The optimized structures are also schematic listed in the Figure. In 
single α-NPD molecule, the HOMO is mainly distributed on the central two main benzenes [11].  
After adding HAT(CN)6 to α-NPD molecule, the HOMO distribution is changed and located 
both on α-NPD and  HAT(CN)6 , clearly demonstrating the formation of new HOMO orbital. 
By combining the experimental results with DFT calculations, doping mechanism in 
HAT(CN)6-α-NPD system can be similar to previously reported hybridization model by I. 
Salzmann, et.al [12,13]. Considering the HOMO energy level of α-NPD is 5.45±0.04 eV, which 
is nearly equal to LUMO of HAT(CN)6 (estimated as 5.4 eV [14]), an orbital hybridization occurs 
instead of inter charge transfer after HAT(CN)6 doped into  α-NPD, which result in generating 
  
Figure 6.3.1 The calculated HOMO orbital patterns (up part) and schematic structure (bottom part) 
of single α-NPD molecule and HAT(CN)6 :α-NPD (1:1). 
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new HOMO state (double occupied bonding state) and unoccupied state (empty antibonding 
state), as shown in Figure 6.3.2. This bonding state dominates the HOMO energy offset with 
respect to Fermi level (the maximum value in this case is ~0.55 eV) and limits the doping 
efficiency in doped system. When a ultralow HAT(CN)6 doping ratio is initially realized, the 
spectrum is still dominated from pristine α-NPD films (thus the unchanged IP and HOMO 
shape). However, since the bonding state is located much closer to the Fermi level (0.55eV) 
than pristine HOMO of α-NPD (1.36 eV), an increased carrier concentration is still to be 
expected, which can passivate those hole trap centers in HOMO region of α-NPD films (as 
illustrated in Figure 6.2.2). After continuous increase in the HAT(CN)6 dopants in  α-NPD films, 
the hybrid state starts to appear, which is indicated by the peak broadening and increased IP. 
Until molecular doping ratio reaches 0.5 (1:1 mixed films), here, e.g. MR 0.51, only the hybrid 
 
Figure 6.3.2 Schematic energy model of molecular orbital energy hybridization between the 
HAT(CN)6  dopant and the host of α-NPD. The IPs are also shown in the figure. Red dash lines 
represent the Fermi level position. 
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bonding state is available to be seen, with the position locates at 0.55 eV and peak FWHM of 
0.46 eV. After MR reaches 0.5, to further increase the HAT(CN)6 MR to 0.6220, only the hybrid 
state should be observed with demonstrating the pinning of HOMO, which has been confirmed 
in Figure 6.2.3 and the appendix. 
 
6.4 Summary 
In this chapter, change in the electronic states upon doping of HAT(CN)6 into α-NPD films 
from ultralow ratio to heavy ratio is systematically investigated via UPS measurements. The 
passivation of gap states in ultralow doping ratio region is revealed from changes in doping MR 
dependence of HOMO levels. Doping mechanism in amorphous α-NPD films based on organic 
dopants HAT(CN)6 is revealed through study of heavily doped HAT(CN)6 films. Here, 
continuously increased doping ratios of HAT(CN)6 in α-NPD films induced the increasing in 
IP and broadening of HOMO, indicating the strong interactions between HAT(CN)6 and α-NPD. 
Combining the DFT calculations and experimental results, we confirm that HOMO of α-NPD 
and LUMO of HAT(CN)6 hybridizes and forms a double occupied bonding state (hybridized 
HOMO) and empty antibonding state (hybridized LUMO) with the Fermi level position located 
in between. The hybrid bonding state (new HOMO) is located at ~0.55 eV (in amorphous α-
NPD films) below the Fermi level, which dominates carrier concentration and hence limit the 
doping efficiency in this system. 
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Appendix  
Radiation damage 
Beam damages of pristine α-NPD films and HAT(CN)6: α-NPD (HAT(CN)6 MR 0.0054) 
films upon irradiation of monochromatic He Iα for ~20minutes are excluded in this study. The 
spectra are shown in Figure 6.5.0. In Figure, the black cycles represent 20 minutes irradiated 
spectra at initial measurement, and the red curves represent spectra after another 20 minutes 
irradiation at the same sample position. In both panel (a) and (b), nearly no differences between 
spectra are observed. 
 
 
 
 
Figure 6.5.0 He Iα UPS spectra of pristine and HAT(CN)6 doped (0.0054) films before and after 20 
mins Helium light vgirradiation at the same position 
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Uniformity of HAT(CN)6 doping into α-NPD 
Films morphology depends on the measured positions of the film surface. This is also 
confirmed from UPS spectra, as shown in Figure 6.5.1. The gray cycles is measured at position 
(a) shown on the inset and the red color spectrum is measured at position (b) on the inset. In the 
figure, two spectra show nearly same features without any peak shifts. 
 
 
 
Figure 6.5.1 He Iα UPS spectra of HAT(CN)6 doped (0.0054) films measured at the different 
positions (a) and (b). 
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Doping induced HOMO broadening 
Spectra of pristine α-NPD films and different HAT(CN)6 doped  α-NPD films are 
compared in Figure 6.5.2 after shifting the spectra to have the same HOMO peak position. The 
HOMO peak broadening upon HAT(CN)6 doping is clearly demonstrated in the Figure 6.5.2. 
The spectra of ultralow doping ratios are not showing in the figure (since no differences were 
found in comparison with pristine α-NPD). 
 
 
 
 
Figure 6.5.2 Comparison of HOMO spectra of pristine α-NPD films and different HAT(CN)6 doped  
α-NPD films. Each spectrum is shift to the same HOMO position. The binding energy scale is for 
the spectra of molecular ratio of 0.0782. The intensity is plotted on log scale. 
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HOMO spectra fitting 
Two HOMO spectra after peaks fitting are shown in Figure 6.5.3. The up spectrum depicts 
HAT(CN)6:α-NPD (≈1:1) with fitted HOMO (H0) and HOMO-1 (H1) after subtracting the 
background. Energy difference between H0 and H1 of doped film (HAT(CN)6:α-NPD≈1:1) is 
0.54 eV, and FWHM of H0 is 0.46 eV. Bottom spectrum depicts pristine α-NPD films with 
peaks fitting by H0 and H1 after subtracting the background. Energy difference of H0 and H1 is 
0.46 eV, and FWHM of H0 is 0.39 eV. Broadened HOMO peaks and increased energy 
differences between HOMO and HOMO-1 after heavy doping indicate doping induced new 
HOMO feature. 
 
Figure 6.5.3 ~15nm-thick Pristine α-NPD and ~15nm-thick HAT(CN)6:α-NPD (≈1:1) HOMO 
spectra with peaks fitting. H0 is the HOMO level and H1 is HOMO-1 level. 
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Spectra measured by using Xe Iα UPS 
Figure 6.5.4 Xenon Iα UPS spectra of pristine α-NPD films and HAT(CN)6:α-NPD (≈2:1) 
films at HOMO region. The density of gap states in pristine α-NPD films may come from the 
under SiO2 substrate [1]. After heavy doping, HOMO level shift to lower binding energy with 
simultaneous demonstrate broadening (can been see from the HOMO tailing). Moreover, at the 
Fermi level position, no density of single occupied state is obtained. 
 
 
 
 
Figure 6.5.4 Xenon Iα UPS spectra of (~15nm) pristine α-NPD films and (~15nm) HAT(CN)6:α-
NPD (≈2:1) films at HOMO region.  The intensity is plotted on log scale. 
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Chapter 7 Molecular structure-dependent doping and charge transport efficiencies of 
organic semiconductors: Impact of side chain substitution 
7.1 Overview 
A rapid development of organic semiconductors such as conducting π-conjugated small 
molecules or polymers has promoted the achievement of large-scale, low-cost, and flexible 
optoelectronic devices, including OLEDs [1-6] OPVs,[7-10] and OFETs [11-14], which has been 
illustrated and explained in Chapter 4-6. Despite impressive break-throughs in organic 
electronics technology, a comprehensive understanding of charge injection properties at 
electrode/organic interfaces as well as charge transport properties within organic layers is 
indispensable for reaching ultimate device performance for practical applications. Due to the 
highly anisotropic nature of molecular structures, organic semiconductor films have 
significantly different characteristics, such as geometric and electronic structures, light 
absorption and charge transport. Therefore, the manipulation of molecular structures provide a 
promising way to deduce, control, and improve the properties of organic semiconductor films 
for the development of new materials in organic electronics applications. 
Moreover, for efficient hole injection or transport layers, conjugated organic materials 
with low IP are favorable and high hole conductivities are necessary. To overcome these 
limitations for a given hole transport material, strong organic acceptor molecules like F4-TCNQ 
are successfully used as a p-type dopant not only to increase the film conductivity, but also to 
decrease hole injection barriers (HIBs) in devices.[15-17] Several models have been proposed to 
interpret the mechanisms of organic doping systems.[18-22] For example, the integer charge 
transfer model postulates electron transfer from the HOMO of host molecules to the LUMO of 
guest molecules, which leads to a HOMO shift towards the Fermi level (EF) and an increase in 
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the hole concentration.[18,19] On the contrary, intermolecular orbital energy hybridization 
between host and guest molecules were proposed to be the dominate effect of doping in organic 
semiconductor films.[21,22] In this model hybridization between host and guest molecules occurs 
with the EF pinning between the HOMO level of host material and the LUMO (anti-bonding) 
level of the hybridized state.[21] However, the impact of molecular structures on doping 
efficiency and thus device characteristics remains unclear. 
In this chapter, we study the molecular structure dependence of charge transport properties 
and doping efficiencies by characterizing the typical hole injection and transport material NPB 
[23-26] and its two derivatives, i.e., DMFL-NPB and DPFL-NPB. Compared to the commonly 
used NPB layer, highly enhanced electrical properties with lower drive voltages and higher 
current densities have been achieved for both pristine and F4-TCNQ doped DMFL-NPB and 
DPFL-NPB devices. Using data on ultraviolet and X-ray photoelectron spectroscopy (UPS and 
XPS) measurements and density functional theory calculation, it is clarified that the side chain 
substitution in NPB and its derivatives plays a crucial role in the intrinsic transport property 
and doping efficiency. The side alkyl or phenyl chains of DMFL-NPB or DPFL-NPB change 
the inner twist angle of the two central benzene moieties from out-of-plane to in-plane, leading 
to a decrease in IPs and consequently HIBs. Furthermore, it is disclosed herein that the predicted 
hybridization [21] of frontier molecular orbitals of NPB with F4-TCNQ occurs and, moreover the 
details of hybridization are highly sensitive to the side chain substitution as shown for DMFL-
NPB and DPFL-NPB. Especially, the doping efficiency for DMFL-NPB is very high, leading 
to remarkably low drive voltage of F4-TCNQ doped devices.  
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7.2 Device performance and influence of F4-TCNQ doping  
Current density-voltage (J-V) characteristics on both pristine and doped organic layer 
devices are shown in Figure 7.2.0. The doping ratio of F4-TCNQ in these NPB derivatives films 
is about 5 wt%. As observed in Figure 7.2.0, the devices with pristine NPB derivatives exhibit 
the different electrical properties, where the DPFL-NPB layer yields the lowest drive voltage 
at a certain current density compared to those using NPB or DMFL-NPB. Considering the 
injection limited current model, which can be expressed as  
J exp[( qV/4 ) / ]b Bd qV k Tπε∝ −                                                            (1) 
 
Figure 7.2.0. Current density-drive voltage curves of NPB, DMFL-NPB and DPFL-NPB films 
without (open symbols) and with (closed symbols) F4-TCNQ doping, in which the ITO electrode is 
positively biased. The inset shows the device structure. 
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where q is the electronic charge, V is the external voltage, d is the film thickness, ε is the 
dielectric constant of the organic film, Vb is the injection barrier height, kB is the Boltzmann’s 
constant, and T is the absolute temperature. According to Equation 1, the variation of NPB 
derivatives may possess the different HIBs at the electrode/organic interface. Moreover, it is 
noted that the incorporation of F4-TCNQ doping in organic layers can remarkably reduce the 
drive voltage as compared to those with a pristine organic layer. For instance, at a current 
density of 1 mA cm-2, the drive voltages of doped film devices are decreased 2.4 times (from 
4.25 V to1.77 V) for NPB, 3.7 times (from 3.13 V to 0.84 V) for DMFL-NPB, and 2.05 times 
(from 2.05 V to 1.00 V) for DPFL-NPB, respectively. Noteworthy, F4-TCNQ doped NPB film 
shows the poorer device performance than the cases of doped DMFL-NPB and DPFL-NPB 
films. Among all devices, the F4-TCNQ doped DMFL-NPB device yields the lowest drive 
voltage and the highest increase in current density upon doping, although the transfer 
characteristics of pristine DMFL-NPB is lower than that of DPFL-NPB. 
 
7.3. Molecular structure dependent electronic structures 
In order to reveal the origin of the difference in device performance with various organic 
layers, electronic structures of NPB and its two derivatives without and with F4-TCNQ doping 
were characterized by UPS measurements. Figure 7.3.0 displays the He I UPS spectra of 
pristine NPB derivates films and F4-TCNQ (~5 wt%) doped films. All the IP and HIB values 
of the corresponding films are summarized in Table 1, in which the F4-TCNQ doping ratio 
ranges from 0 to ~40 wt%. According to the secondary electron cutoff at high binding energy 
region in Figure 7.3.0, the work function can be estimated, which corresponds to the vacuum 
level (VL) relative to EF. For pristine films on indium tin oxide (ITO) substrates, the work 
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functions were obtained from Figure 7.3.0 to be 4.16 eV, 4.17 eV and 4.10 eV for NPB, DMFL-
NPB and DPFL-NPB, respectively, which are almost identical to each other within the 
experimental error. On the other hand, the corresponding HIBs, which are defined by the 
energetic difference between EF and the onset of the HOMO-derived peaks, are 1.18 eV, 0.97 
eV and 1.04 eV for NPB, DMFL-NPB and DPFL-NPB, respectively. Consequently, the IP 
value, which is defined by the sum of HIB and work function, of the NPB layer is ~0.2 eV 
larger than those of its two derivatives (Table 7.1). This is in accordance with the lower drive 
voltage found for pristine DPFL-NPB and DMFL-NPB as compared to that of pristine NPB 
(see Figure 7.3.0). 
 
Table 7.1 Hole injection barrier (HIB) and ionization energy (IP) of NPB and its derivatives 
without and with F4-TCNQ doping on ITO substrates (spectra are shown in appendix). 
 HIB (eV) IP (eV) 
F4-TCNQ ratio NPB DMFL-NPB DPFL-NPB NPB DMFL-NPB DPFL-NPB 
0 wt% 1.18 0.97 1.04 5.34 5.14 5.14 
~5 wt% 0.55 0.46 0.46 5.38 5.17 5.19 
~40 wt% 0.39 0.26 0.30 5.52 5.40 5.37 
 
112 
 
Chapter 7 Molecular structure-dependent doping and charge transport efficiency 
  
The UPS spectra of doped films with F4-TCNQ are also shown in Figure 7.3.0 However, 
the F4-TCNQ doping with a doping ratio of 5 wt% induces an almost rigid shift of all the 
molecular features of these three films towards lower binding energies by ~0.6 eV. As a result, 
the work functions of doped films are largely increased to ~4.7 eV, accompanying by the 
reduced HIBs of 0.55 eV for NPB, 0.46 eV for DMFL-NPB, and 0.46 eV for DPFL-NPB, 
respectively. As summarized in Table 1, the IPs of doped NPB, DMFL-NPB and DPFL-NPB 
films were increased by about 0.2 eV upon heavy F4-TCNQ doping (from 5.34 eV to 5.52 eV 
 
Figure 7.3.0 UPS spectra of pristine and F4TCNQ-doped NPB, DMFL-NPB and DPFL-NPB films. 
The doping ratio of F4TCNQ is about 5% in weight. Vertical lines represent the onset of HOMO 
peaks. 
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for NPB, from 5.14 eV to 5.37 eV for DPFL-NPB, and from 5.14 eV to 5.40 eV for DMFL-
NPB). Such an almost rigid shift induced by F4-TCNQ doping could be interpreted by several 
reported mechanisms, including the integer charge transfer model,[18,19,20] the energy level 
hybridization model,[21,22] and the effective electrode work function due to the diffusion of F4-
TCNQ molecules through the NPB host layers to the electrode/organic interface.[28,29] In all 
these three cases, the reduced HIBs (by ~0.6 eV) will be capable of dramatically decreasing the 
drive voltage for devices with F4-TCNQ doping. In addition, the HIBs of doped DMFL-NPB 
and DPFL-NPB films are still ~0.1 eV lower than that of doped NPB film. 
To gain further insight on the effect of molecular structure on device performance, the 
electronic structures of NPB, DMFL-NPB and DPFL-NPB were theoretically calculated. 
Figure 7.3.1 displays the simulated UPS spectra, optimized molecular structure, and HOMO 
orbital patterns. It is shown in Figure 7.3.1a that the calculated density of states (DOS) in the 
valence region of DMFL-NPB is almost identical to that of DPFL-NPB, while both of them are 
clearly different from the calculated pattern of NPB. Moreover, the IPs of DMFL-NPB and 
DPFL-NPB are 0.2 eV lower compared to that of NPB, which is in good agreement with the 
experimental results as shown in Figure 7.3. The optimized molecular structure and HOMO 
orbital patterns of these three molecules in Figure 7.3.1b and c might provide a possible 
theoretical support to the variation of IP values. According to the optimized NPB structure in 
Figure 7.3.1b, adding the side chains (i.e., alkyl for DMFL-NPB and phenyl for DPFL-NPB) 
can result in the change of the inner twist angle between the two main benzene rings from 
34.46° (for NPB) to 0° (for DMFL-NPB and DPFL-NPB), while orbital electron density 
distribution is nearly not affected by adding these two additional side chains (see Figure 7.3.1c). 
It was reported previously that large twist angles could hinder the orbital delocalization across 
the molecule, which consequently induced an increase in energy gap and IP.[30,31] Given that 
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the decrease in twist angles for NPB derivatives, it is inferred that the variation of HIBs 
observed in Figure 7.3 might be related to the change of molecule structures for both pristine 
and doped DMFL-NPB and DPFL-NPB thin films. Furthermore, it is well known that the size 
of side chains played a crucial impact on the packing structure of thin films,[32, 33] which might 
be another reason for the difference in the resulting device performance. 
7.4 Molecular orbital hybridization vs F4-TCNQ doping efficiency 
The doping efficiency of F4-TCNQ in NPB derivatives and the related mechanism were 
systematically studied by UPS and XPS. Figure 7.4.0 depicts the XPS spectra of C1s and N1s 
core levels as a function of molecular ratios of F4TCNQ doping. The bottom spectra were 
recorded from the pristine NPB derivative films, and the top spectra correspond to F4-TCNQ 
only. The molecular doping concentrations of F4-TCNQ were determined by calculating the 
 
Figure 7.3.1 (a) Calculated density of state (DOS) curves (with Gaussian broadening of 0.5 eV), (b) 
optimized molecular structures, and (c) HOMO orbitals of NPB, DMFL-NPB and DPFL-NPB. The 
dash lines in (b) show the angle difference of two main benzene rings in the molecule. 
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individual peak areas of C1s and F1s core level spectra after subtracting the background, and 
by taking into account their respective atomic sensitivity factors. As shown in Figure 7.4.0, C1s 
and N1s core levels show abrupt shifts of ~0.6 eV towards lower binding energy upon the slight 
F4-TCNQ doping, which are consistent with UPS results. It is also noted that the molecular 
features of pristine F4-TCNQ will arise upon high doping ratios. However, no additional peaks 
can be found in C1s and N1s spectra of the doped films, indicating that no strong chemical 
interaction (or integer charge transfer) occurs between F4-TCNQ and the NPB derivatives at 
the host/guest interface. 
According to the previously reported hybridization model,[21, 22] a hybrid state will be 
formed between NPB and F4-TCNQ (see Figure 7.4.1 and appendix). When low F4-TCNQ 
doping ratio is used, the spectra are still dominated by emission from pristine host materials 
(thus the unchanged IP). However, EF is pinned between the HOMO of host material and the 
LUMO (anti-bonding state) of the hybrid, leading to the observed reduction of HIBs. It is 
observed that the change of IP from pristine films to the hybrid films (i.e., a molecular doping 
ratio of ~ 40 wt% in Table 1) is molecule dependent, where the F4-TCNQ-doped DMFL-NPB 
system shows the highest increase (0.26 eV). The variation of IPs upon doping may be 
associated with the difference in split degree of bonding and anti-bonding states in the hybrid 
systems.[21, 22] For NPB derivatives, the side chains (i.e., alkyl for DMFL-NPB and  phenyl for 
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 systems.[21, 22] For NPB derivatives, the side chains (i.e., alkyl for DMFL-NPB and  phenyl   
 
Figure 7.4.0 XPS spectra of (a) C1s and (b) N1s core levels obtained from 10 nm-thick F4-TCNQ-
doped NPB, DMFL, and DPFL films with various F4-TCNQ doping ratios. The dashed lines are 
guides for the eye. 
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DPFL-NPB) can significantly modify the molecular planarization by changing the inner twist 
angle between the two main benzene rings, leading to the difference in the hybridization 
interaction with F4-TCNQ in the doping systems. For DMFL-NPB, a stronger interaction is 
possibly present with F4-TCNQ due to the alkyl chains. However, the large phenyl side groups 
in DPFL-NPB might hinder a close contact between host and dopant molecules. As a result, the 
doping efficiency and device performance will be highly dependent on the molecular structure 
with respect to the side chain substitution. 
 
7.5 Summary 
In summary, the molecular structure dependence on charge transport and doping 
efficiencies is investigated by systematically characterizing the typical hole transport material 
 
Figure 7.4.1 Schematic energy model of molecular orbital energy hybridization between the F4-
TCNQ dopant and the host of NPB derivatives. 
 
 
118 
 
Chapter 7 Molecular structure-dependent doping and charge transport efficiency 
of NPB and its two derivatives (DMFL-NPB and DPFL-NPB) with and without F4-TCNQ 
molecule doping from the device performance and interfacial electronic structures. Compared 
to NPB, DMFL-NPB and DPFL-NPB films show better device performance with higher current 
density and lower drive voltage, which renders them promising materials for hole injection 
layers in organic light emitting devices. The origin of improved device performance is 
associated with the side chain substitution, where the inner twist of the two main benzene rings 
in NPB is changed from out-of-plane to in-plane due to the alkyl chain in DMFL-NPB or phenyl 
side chain in DPFL-NPB. It is identified that the ionization energies and the corresponding hole 
injection barriers at the ITO/organic interface are modified due to the side chain substitution. 
Using data on experimental characterization and density functional theory calculation, it is 
found that the doping efficiency in the F4-TCNQ doping systems is also highly dependent on 
the degree of intermolecular orbital hybridization with respect to the side chain substitution.  
Overall, our results demonstrate that even small alkyl chains can have dramatic effects on 
the charge injection barriers at organic/electrode interfaces. Moreover, doping efficiencies of 
organic semiconductor layers are not only controlled by the electronic states of host and dopant, 
but also by the possible overlap of two molecules, which is influenced by steric hindrance. 
These findings show that the rational design of molecular structures with suitable side chains is 
crucial for achieving high-performance organic devices. 
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7.6 Appendix 
Figure 7.6.0 He Iα UPS results in the range of HOMO for 10 nm NPB, DMFL-NPB and 
DPFL-NPB organic films with different F4TCNQ weight doping ratios; binding energy is 
given with respect to Evac =0.  The increased IPs of doped NPB and NPB derivatives are 
demonstrated at higher doping ratios. 
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Figure 7.6.1 Calculated HOMO (bonding states), LUMO (antibonding states) and 
schematic structures of 1:1 mixed molecules based on Calculation with GW09 DFT 6-31G. The 
left orbital patterns are calculated HOMO and right orbital patterns are calculated LUMO. 
 
 
 
124 
 
  
 
 
Chapter 8 Summary and future work 
Chapter 8 Summary and future work 
8.1 Summary 
The electronic structure of organic films related to density of gap states both at the 
interface and in the bulk plays a key role in controlling device performance. However, to reduce 
those density of gap states in organic films by controlling molecular packaging structure and 
doping are still not well studied. Even for the doping theory in organic semiconductors is still 
under debating. To simplify the explanation of charge transport characteristics, inorganic 
theories are commonly accepted to be used in organic devices. In fact, according to the 
phenomenon observed in organic molecular system, in particular, studied by UPS, has so many 
differences and should be deeply reinvestigated. 
Based on this background, we tried to elucidate the origin of gap states in organic 
semiconductors and their related methods to control/or decrease those gap states. By using well-
ordered template layer and the high work function substrate, we succeeded to realize that gap 
states in organic films govern the energy level alignment and also have strong influence to 
charge transport.  With ultralow doping, those gap states could be eliminated, and hence the 
conductivity could be dramatically improved.  The brief conclusions are shown as below: 
(1) Gap states in organic films are originated from defects and disordering of molecules, which 
could be tuned and reduced by using template layers. 
(2) Reduced gap states density in organic films could dramatically increase the carrier mobility, 
which can reach more than one order of magnitude. 
(3) The density of gap states in organic films also controls the energy level alignment. Once 
the work function of modified substrate is higher than IP of organic films, the pinned Fermi 
level is observed due to these low density of gap sates. 
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(4) Doping is also a useful method to passivate those gap states in organic films within ultralow 
molecular doping ratios. 
(5) Heavy doping in organic-organic system clarifies the energy hybridization formed bonding 
state between HOMO of α-NPD and LUMO of HAT(CN)6 which determines the doping 
efficiency in organic system. 
(6) Those splitting of hybridized states could be tuned to smaller by the new design of the    
molecules with side chains modification. 
These works are continuous studying which based on the previous work of Ueno 
laboratory, especially based on the results measured by A-1 machine. I hope the results and 
conclusions can be of service to future discussion. 
 
8.2 Future work 
Future work will involve an extension of this work and/or exploration of new research 
areas on study of (i) temperature induced defects in organic films; (ii) New designed molecules 
with smaller energy splitting after organic doping and their applications in organic devices. 
Above the temperature induced defects for organic films, it has already been demonstrated 
through DIP films and pentacene films. Their results show the reduced temperature can limit 
the molecules movement on the substrate and hence further increase more gap states density. 
On the contrary, with increasing the substrate temperature, an expected high ordering DIP or 
pentacene films should be achieved.  If we continuously deposit C60 on these template layers, a 
tunable gap density states should be realized and be confirmed from UPS results and GIXD 
results. These tunable gap density states in C60 films could also be utilized into C60-based 
transistors; hence the different electron mobility could be achieved. 
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About doping in organic semiconductors, the future study should focus on realizing the 
ordered host-guest mixed films with smaller energy hybridized splitting. The strategy is that 
after reduced hybridized energy splitting, the bonding state (new HOMO) and antibonding state 
(new LUMO) with demonstrating smaller energy offset values to the Fermi level should be 
realized, which in principle should indicate both increased hole mobility and electron mobility. 
An example is to choose the proper dopant (e.g. DTTCNQ) and host molecule (e.g. DPTTA). 
By carefully using drop-casting method, we could prepare well-ordered mixed single crystals. 
So it allows us to study the electron and hole mobility through transistors and the electronic 
structures through UPS. 
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